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Introduction 


In this experiment you will be investigating the magnetic 
fields due to various arrangements of current-carrying 
conductors, a subject you have already met in Unit 8. 


First, you will investigate the dependence of the strength of 
the magnetic field at the centre of a current-carrying loop on 
current, radius and number of turns. These measurements will 
be in terms of the horizontal component of the Earth’s 
magnetic field. Having verified the form of an equation 
describing the magnetic field at the centre of the coil, you will 
go on to determine a value for the permeability of free 
space Ho. 


You will then move on to investigate the magnetic field at 
other points on the coil axis and (with the aid of a computer 
program) the strength of the magnetic field due to two 
current-carrying coils. Finally, by studying the behaviour of 
an electron beam between a pair of current-carrying coils, 
you will determine the charge to mass ratio of the electron. 


You should find that this notebook and your logbook are 
useful documents when you come to revise Unit 8 at the end 
of the Course. 


A number of ITQs have been included—do not be tempted to 
skip them! Think carefully about these questions and if 
possible discuss your answers with a tutor before proceeding. 


1 The magnetic field produced by a 
current-carrying coil 


Consider a circular coil of wire, consisting of N turns, of 
radius r, carrying a current i (Figure 1). In Unit 8, you saw 
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Figure 1 


that the magnitude B of the magnetic field at the centre of this 
coil is given by 


Ni 
pS 


2r (1) 


Equation 1 gives the strength of the magnetic field, but 
consider the question raised in ITQ 1. 


ITQ 1 Using the right-hand method (Unit 8), what 
is the direction of the magnetic field at the centre of the 
coil shown in Figure 1? 


In the first part of this experiment, you will verify the form of 
equation 1, that is, you’ll check the dependence of B on N, 
i and r. The method that you'll be using is straightforward, 
and it is based on the vector addition of magnetic fields. 


1.1 Vector addition of the magnetic 
fields at the centre of the coil 


Figure 2 is a schematic diagram of the apparatus that you will 
be using in this part of the experiment. When a current flows 
through the coil, a magnetic field B,,;, is produced at the centre 


lined up along — 
magnetic meridian 


resultant 
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of the coil. But this isn’t the only field; there is also the 
magnetic field of the Earth, and so the total magnetic field at 
the centre of the coil is equal to the vector sum of these two 
fields. 


When the coil is set up in the plane of the magnetic meridian, 
the horizontal component B,,,,;, of the Earth’s magnetic field 
is in the plane of the coil (Figure 2). The resultant horizontal 
component of magnetic field B esutanı at the centre of the coil 
is given by 

B esuttan = Bhoriz + Booi 


As you can sce from Figure 2, B esutanı can be found using the 
triangle rule of vector addition. In this experiment, you will 
shortly be investigating the strength of B,,;, by measuring the 
angle 0 (Figure 2) through which the magnet and therefore 
the pointer turns when current flows through the coils. 


ITQ 2 What is the value of 0 in terms of B,,,,;, and 
Boi (Figure 2)? 


1.2 Investigating the strength of the 
magnetic field at the centre of the 
coil 


The aim of this part of the experiment is to verify the equation 
for the strength of the magnetic field produced by the current- 
carrying coil (eq. 1). It is up to you to work out which mea- 
surements to take, and to decide how your results should be 
plotted. Here are a few hints to help you on your way. 


(a) Setting up the apparatus 


You are provided with a board on which there are mounted 
a number of coils. The coils all have different dimensions; the 
values of r and N are marked on the board. To find the 
direction of Becuitants YOu Will use the magnetometer (Figure 3) 
that is mounted at the centre of the coils, rather than using an 
ordinary compass. Do not remove the magnetometer from the 
board. Before using the magnetometer, you should answer 
ITQ 3. 
ITQ 3 Look carefully at the construction of the 
magnetometer. How is the pointer mounted? When 
the plane of the coils is aligned along the magnetic 
meridian and no current is flowing in the coils, should 
the pointer lie in the plane of the coils or at right 
angles to it? 


Set up the coils in the configuration shown in Figure 2, so 
that you will be able to take measurements of the angle 0. A 
low-voltage source is provided for supplying an adjustable 
but constant current to the coils. The current should be 
measured with the 0-10 A meter that is mounted on the 
power supply. 

Ask your tutor to check your experimental arrangement before 
proceeding. 


Figure 3 A magnetometer. In which direction does the 
pointer lie when the magnetometer is exposed only to the 
Earth’s magnetic field? 


(b) Taking measurements 


You should investigate the dependence of |B,,;;| on one 
parameter at a time, keeping the other two parameters 
constant. For example, you could begin by investigating the 
dependence of |B,,;;| on the current i flowing in the coil, 
keeping constant both the radius r of the coil and the number 
of turns N. í 


For each parameter you will need to draw up a suitable table 
of your results from which to plot a graph. Before you do 
this, however, make a few preliminary measurements, and try 
ITQ 4. 


ITQ 4 (i) Estimate the uncertainty A0 in measure- 
ments of the deflection 0 of the magnetometer pointer. 
(ii) | Boil; the quantity of interest, is proportional to 
tan 0. Explain why a given error A0 in the measure- 
ment of 0 will give a serious error in the deduced value 
of |B..i| when 0 is close to 90°. (Hint: how does tan 0 
vary with 0?) 


Before making your measurements, it is important to check 
that there are no magnetized objects in the vicinity of your 
magnetometer, which might affect the readings. Remember 
that items like power supplies and meters can give rise to 
‘stray’ magnetic fields. Note also that the current changes when 
the power supply is connected to different coils because they 
have different resistances. To make measurements at constant 
current, you must readjust the current after connecting the 
supply to a different coil. The angle 0 can be calculated from 
the magnetometer reading by correcting for the reading 
when there is zero current flow. 


Try to verify equation 1 by plotting appropriate straight 
line graphs. 


ITQ 5 Are the data in your tables consistent with 
equation 1? (If not, consult your tutor.) 


ITQ 6 Do your data enable you to determine the 
value of the permeability of free space po? 


2 Measuring the permeability of 
free space u 


In Section 1, you investigated the dependence of tan 0 
(=|B,oi|/|Broriz|) On the current i flowing through the coil, 
on the number of turns N of the coil, and on the radius r of 
the coil. However, you were not able to measure the strength 
of the magnetic field at the centre of the coil or the value of 


Ho (ITQ 6). You could not obtain these pieces of information 
simply because you did not know the value of the magnitude 
of the horizontal component of the Earth’s magnetic field 
| Byoriz|- In this second part of the experiment, you will measure 
|B. | by a method that does not involve |B,,,;,|, and this 
will enable you to find a value of 9. 


2.1 Measurement of the field at the 
centre of a coil using the Hall 
effect 


In order to measure | B,,;,| you will be making use of a different 
coil and a phenomenon known as the Hall effect, which is 
named after the American physicist, Edwin Herbert Hall, 
who first demonstrated the effect in 1879. 


2.1.1 Theory of the Hall effect 


Hall passed a current i lengthways through a strip of gold leaf, 
while simultaneously applying a magnetic field B perpen- 
dicular to the wider faces of the strip. He found that a trans- 
verse potential difference was set up across the broad faces 
of the strip, perpendicular to both the current and the 
magnetic field (Figure 4). 
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Figure 4 


The magnitude of this potential difference, known as the Hall 
voltage Vy, is directly proportional to both the current and 
the magnetic field strength 


Va oc Bi 


The constant of proportionality depends on the dimensions 
of the metal strip and the material from which it is made. 


ITQ 7 Figure Sa shows the metal strip just after the 
current has been switched on and before the magnetic 
field has been applied. The dots on the diagram 
represent some of the free electrons in the metal. 
Draw some vectors on the diagram to show the drift 
velocity of these electrons, vg, i¢,. 


In Figure 5b, the magnetic field has just been applied. 
Use the right-hand rule to decide on the direction of 
the resulting Lorentz force that will act on each 
electron. Does this explain the transverse Hall voltage? 
Will this voltage build up indefinitely? 


It is most important that you discuss this ITQ in detail with 
your tutor before going on to make any measurements. 


It is quite easy to show that the magnitude of the Hall voltage 
depends not only on B and i but also on the electronic charge, 


—e, the number of current-carrying electrons per unit 
volume, n, and the thickness, t, of the slab (measured in the 


same direction as B). In fact 
Va = —Bi/net 


If you are interested, your tutor will show you how to derive 
this equation. It is more usually written in the form 


Va = Ry Bi/t (2) 


where the constant R, (= —1/ne) is known as the Hall 
constant. In metals, a typical value for n is about 107° 
electrons/m?, and, even with fairly thin foil (t ~ 0.1 mm), the 
Hall voltage is very small, of the order of 10 4V, for B = 1T 
andi = 10A. 


Semiconductors have many fewer current-carrying electrons 
per unit volume than metals. However, these electrons are 
relatively mobile, so current can flow through a semiconduc- 
tor, which it cannot do through an insulator in which all the 
electrons are tightly bound to atoms. Because the values of n 
are low, the magnitude of Ry and therefore Vj, are higher in 
semiconductors than in metals. In a typical semiconductor, n 
might be of order 10? electrons/m?, thus increasing the Hall 
voltage by six orders of magnitude from that observed in a 
metal. Equation 2 still applies, so from a knowledge of i, Ry 
and t, it is possible to determine B. 


2.1.2 Setting up the experiment 


In the next part of the experiment you are going to use a Hall 
probe to determine the magnetic field at the centre of a small 
many-turn coil. The active part of the probe consists of a 
semiconductor wafer and is mounted at the centre of the coil 
(Figure 6). At each corner of the wafer there is an electrical 
contact; the top and bottom contacts may be connected to a 
current source and the side contacts to a sensitive voltmeter. 
Ideally, these contacts would be symmetrically placed so that 
a current flowing from the top of the wafer to the bottom 
would not produce a potential difference between the side 
contacts unless there were a magnetic field present. Un- 
fortunately such accuracy in positioning is not possible and 
it is necessary to null the potential difference attributable to 
misalignment, using a potentiometer mounted to the left of 
the semiconductor. 
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Figure 6 


Connect the 0-30 volt d.c. source on the high tension power 
supply to a 0-50 mA ammeter and the vertical pair of contacts 


(blue) as shown in Figure 6. Connect the voltmeter across the 
side contacts (black and red) of the wafer. 


Important: Make sure that you are using the 0-30 volt output 
from the power supply and not the 0-300 volt output! 


Turn the output voltage control knob on the power supply 
to Zero, switch on the power supply and adjust the output 
current to about 35 mA. Using a small screwdriver, rotate 
the adjustment potentiometer on the probe to give a zero 
reading on the voltmeter. After this adjustment has been 
made, the potentiometer need not be touched again. Connect 
the coil to the low tension power supply that you used in 
Section 1, adjust the output to zero and switch on. 


2.1.3 Taking measurements 


Note the current ¿wafer through the wafer, and take readings 
of the Hall voltage Vy as a function of the current in the coil 
ico. Do not exceed a current of about 6 amps or the coil will 
overheat! Plot a graph of Vy against ioil- 


From equations 1 and 2 derive an equation linking V4 and 
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Apart from jig, all the quantities in this equation are measur- 
able. From the gradient of the graph of Va against i,,;, derive 
a value for jo. Values for the coil radius r, the number of 
turns in the coil N, the wafer’s thickness t and the Hall 
constant Ry are printed on the appropriate equipment. 
2y 
Vu fn Ai 
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3 The axial field of a current- 
Carrying coil 


You should now carry the experiment one stage further by 
investigating how the magnitude of the magnetic field 
produced by a coil varies along its axis. In this part of the 
experiment it is convenient to keep the magnetometer 
mounted in the apparatus that you used in Section 1. However, 
you should not pass a current through the coil in that 
apparatus— instead, pass the current through the separately 
mounted coil. You should then be able to investigate how 
the reading on your magnetometer varies with its separation 
x from the separately mounted coil (Figure 7). 


magnetometer 


The magnitude of the field on the axis of a coil is given by* 


Lo Nir? 
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(3) 


ITQ 8 Show that equation 3 is consistent with 
equation 1, which is stated at the beginning of Section 1. 


When you are setting up this experiment, try to ensure, first, 
that the two boards carrying the coils are always parallel, 
secondly, that they have a common perpendicular through 
their centres, and thirdly that both boards lie in the plane of 
the magnetic meridian. 


Now investigate how the magnetometer reading varies as the 
separation x of the two boards varies from 0m to 0.30 m. 
Make a table of your results. From your data calculate 
suitable quantities which, when plotted in a graph, allow you 
to check that your data support the validity of equation 3. If 
you are unable to plot this graph, consult your tutor. 


4 The production of a uniform 
magnetic field 


At the end of Section 3 of the experiment you verified that 
the magnitude of the axial field of a single coil varies with the 
distance x in the way described by 


Lo Nir? 


pol eee 


(eq. 3) 
Now imagine the case of two identical coils mounted coaxially 
a distance 2d apart (Figure 8). Suppose we want to know the 


field at a point P on their common axis. How can we calculate 
this field? 


\ = 
y <i; = 
(0) Ẹ 
< 2d = 
Figure 8 


We can use equation 3. In this case we can measure the axial 
position from the centre point O. This means that for one coil, 
the distance x to that coil is d + X while, for the other coil, 
x = d — X. Provided that the magnetic fields do add along 
the axis (i.e. that the current flow is in the same direction in 
both coils) then the total field between the coils is 


BOY _ Ho Nir? 1 z 1 ) 
I 0? ++ XP?" 0? + (d= X))3? 


(4) 


ITQ 9 In Section 3, you found that the axial field 
strength of a single coil decreased as the axial distance 
from the coil increased. Use this piece of information 
to make rough sketches of the field strength |B(X)| 
produced by a pair of coils (a) when the two coils are 
practically superimposed, and (b) when the two coils 
are at a very large separation (i.e. 2d > r). 


* The proof of this expression is beyond the scope of $271. 


Except at the limits of very large or very small d, equation 4 
is a rather nasty expression to evaluate by hand, so a computer 
program has been written to help you here. At this point you 
should consult a tutor who will explain how to use the program. 


The program will evaluate and plot values of the components 
of the magnetic field both parallel and perpendicular to the 
axis of the coils, for any specified value of d. You can use the 
program to find the value of the separation 2d that gives the 
most ‘uniform’ field between the coils. Coils arranged at this 
particular separation are known as a Helmholtz pair, and the 
Helmholtz configuration is used in many applications. 


Discuss the conclusions you have drawn from the computer 
displays with your tutor; if there is a queue of students waiting 
to use the computer terminal, ask your tutor whether you 
may proceed to Section 5 until the terminal is free. 


5 The path of an electron beam 
in a uniform magnetic field—the 
fine-beam tube 


In this final Section of the experiment, you will make use of 
the approximately uniform field provided by a Helmholtz 
pair and study the behaviour of an electron beam in such a 
field. 


5.1 Introduction: the principle of the 
fine-beam tube 

To investigate the laws of motion of electrons in a magnetic 

field, it is common to use a gas-focused electron beam. Gas 


focusing is the principle on which the fine-beam tube operates 
(Figure 9a). 
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Figure 9 


The electrons are ejected from a heated cathode into a partially 
evacuated tube containing a small amount of gas (such as 
hydrogen or helium) at a very carefully adjusted pressure 
(about 107°mm of mercury). If the pressure has been 
correctly chosen, collisions between electrons and gas 
molecules produce positive gas ions. 


These ions are relatively immobile and their concentration 
rapidly builds up along the direction in which the concen- 
tration of the electrons is greatest, i.e. along the path of the 
electron beam. These ions serve to focus the electron beam 
further, because any electron straying from the axis of the 
beam is immediately attracted back towards it by the concen- 
tration of positive charge around the axis of the beam. As 
well as acting as a focusing device, the ions also show up the 
path of the beam by emitting visible radiation. 


5.2 Using the fine-beam tube 


SAFETY NOTE: The fine-beam tube is partially evacuated. 
As a precaution against the (remote) possibility of implosion, 
you should wear safety glasses for this part of the experiment. 


The tube contains two cathodes and two anodes. One 
cathode-anode set will produce a radial electron beam, and 
this travels horizontally across the glass bulb if it is not 
deflected by magnetic or electric fields. The other cathode- 
anode set will produce a tangential beam, which travels 
vertically downwards initially. You can select the beam that 
you require using the switch on the end of the tube; this 
switch directs the heater current to the appropriate cathode. 
Both anodes are connected to the same terminal on the neck 
of the tube. 


The fine-beam tube and the Helmholtz coil should be 
connected to the power supplies as shown in Figure 9b. Make 
absolutely sure that you understand the operation of the 
various controls on the power supplies before switching on, 
and if you are in any doubt, consult a tutor. It is important 
always to switch the power supplies on and off in the correct 
order. In particular, you must always reduce the anode voltage 
to zero before switching on the cathode heater supply, and you 
must then allow the cathode to heat up for at least two minutes 
before switching on the anode voltage. Check that the anode 
voltage is zero, switch on the radial beam heater and wait 
about 2 minutes for it to warm up. While you are waiting, put 
a black cloth over and behind the tube; this will make the 
beam much easier to see. Then check that the control on the 
anode supply (0-300 V) is turned right down, and switch on. 
Increase the anode voltage slowly, monitoring both the 
voltage and the current, until you observe a horizontal beam. 
Use the minimum voltage possible. The tube should op- 
erate satisfactorily at about 5-10 mA; in no circumstances 
should you increase the anode current beyond 30 mA. 
The voltage required is typically 100-200 V. 


Now observe the change in the direction of the electron beam 
when a small permanent magnet is brought close to the glass 
bulb. Is the deflection of the beam consistent with what you 
know about the field produced by a bar magnet and about 
the effect of magnetic fields on moving charged particles? 


Since the field produced by a bar magnet is very non-uniform, 
it would be extremely difficult to account quantitatively for 
the deflection of the electron beam. For quantitative measure- 
ments, a uniform field is required. As you have discovered, 
such a field can be produced by a pair of coils in the Helmholtz 
configuration— like those mounted on either side of the tube. 


You will need to connect the Helmholtz coils so that the 
magnetic field they produce deflects the beam in an upward 
direction. 


ITQ 10 Consider an electron with charge —e, 
travelling with velocity v in a uniform magnetic field 
B. Write down an equation for the force F on this 
electron 


F= =etuxt (5) 


Now look at the horizontal beam of electrons in the 
fine beam tube. By applying the right-hand rule for 
vector products, decide on the direction required for 
the magnetic field if it is to deflect the beam upwards. 
Then use the right-hand (grip) method to work out 
the direction that the current must flow in the 
Helmholtz coils if they are to produce a magnetic field 
that deflects the beam upwards. 


Connect up the coils to the low tension power supply, turn 
the voltage regulator to zero, switch on the supply and very 
slowly increase the voltage. Does the spot on the fluorescent 
screen indeed move upwards? If in fact it moves downwards, 
reverse the current through the coils. If the beam doesn’t 
move, then check that the currents in the two coils are not 
flowing in opposite directions so that the fields that they 
produce cancel midway between them. 


Now reduce first the coil voltage and then the anode voltage 
to zero. Switch over the heaters so that the vertically mounted 
tangential electron gun heats up. While it is doing so, try 
ITQ 11. 


ITQ 11 Theelectron beam will now emerge vertically 
downwards. What path do you expect the electron 
beam to follow when the current through the Helmholtz 
pair is switched on? 


Run a small current (about 100 mA) through the Helmholtz 
coils. Gradually turn up first the anode voltage (remember to 
monitor the current) and then the coil current (to a maximum 
value of 300 mA). Did you correctly predict the path of the 
beam? The path should be circular. If the Helmholtz coils 
are not perfectly aligned, you may get a spiral path; if this is 
the case, or if you are unable to produce a visible circular 
beam, consult a tutor. 


6 Determination of the charge to 
mass ratio of the electron 


In this final part of the experiment you will be able to measure 
the charge to mass ratio of the electron by making fine-beam 
tube measurements. By working through ITQ 12 you will be 
able to generate the ‘theory’ behind the experiment. Before 
doing so, reduce the anode voltage to zero and switch off the 
heater. (The tubes have a very short working lifetime.) 


ITQ 12 You need to find an equation that relates the 
charge to mass ratio of the electron to parameters that 
you can actually measure in a fine-beam tube experi- 
ment. These experimentally accessible quantities are 
the magnetic field B produced by the Helmholtz coils, 
the accelerating voltage V,,,4. and the radius R of the 
circular electron beam. The aim of this ITQ is for you 
to derive such an equation for yourself. 


(a) You can start from an equation you have used 
before. In ITQ 10, you wrote down a general equation 
for the force F on an electron with charge —e travelling 
with velocity v in a uniform magnetic field B. 


F = —e(v x B) (5) 


In the fine-beam tube, there is the restriction that the 
electron moves in a circle whose plane is perpendicular 
to the direction of the magnetic field B. From equation 
5, deduce an expression for the magnitude F of the force 
on the electron in this case 


F= CEV" (6) 


(b) Equation 6 contains only one measurable 
parameter, |B|. Neither F nor the electron speed v are 
measurable. You therefore need to find another 
equation relating F to accessible quantities so as to be 
able to eliminate F from the calculation. 


The electron is moving in a circular path of radius R. 
Write down an equation for its centripetal accelera- 
tion a. 


a= r 
If the electron has mass m,, what then is the magnitude 
F of the centripetal force acting on it? 
we 


F=™e fi (7) 


(c) Combine equations 6 and 7 to obtain an expression 
for the charge to mass ratio e/m, of the electron 


Vee 


ejm, = £¥ Ie (8) 


This equation still contains one quantity that cannot 
easily be measured. This is v, the speed of the electron. 


(d) The next step is therefore to find another equation 
for v so as to substitute it in equation 8. To do this, write 
down an expression for the kinetic energy E,,, of the 
electron in terms of its mass and speed 


Exin = <a (9) 
You should also be able to write down another 
expression for E, by considering the change in 
electrostatic potential energy as it is accelerated 
through V 


anode* 
fgg A (10) 


By combining equations 9 and 10, obtain an expression 
for v? and, hence for v. 


SS (11) 
(e) Substitution from equation 11 into equation 8 


should now produce an expression for e/m, in terms of 
experimentally measurable parameters. 


i (12) 


If your tutor has advised you to use the tube’s radial beam to 
determine e/m., you should ignore the following three 
paragraphs within rules (and Figure 10). Use instead the 
instructions in the Appendix. 


To find the charge to mass ratio, three quantities must be 
determined. The first of these, V,,,ae, can be read directly 
from the appropriate power supply meter. Measuring the 
radius (or diameter) of the electron beam is complicated by 
its inaccessibility. If you were to simply place a ruler behind 
or in front of the beam, parallax errors would probably be 
troublesome. A way of minimizing such errors is to use a scale 
mounted on a mirror (as is done in your magnetometer) and 
align the object and its image thereby ensuring that you are 
observing the scale from a direction perpendicularly above 
the object. 


In the context of the fine-beam tube, one way of using a mirror 
to reduce parallax errors is as follows: place one of the mirror 
tiles behind the tube, parallel to the plane of the circular path 
(Figure 10). Stick a strip of white paper (or ‘magic tape’) on 
the tile (or, even better, two strips in the form of a cross), with 
marks to show the desired radius. The anode voltage can then 
be adjusted so that both the electron beam and its image 
coincide exactly with the marks. Of course, there are many 
other ways of overcoming parallax errors; you may wish to 
invent your own technique. 
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Figure 10 


Switch on the cathode heater and, after allowing 2 minutes 
for warming up, increase the anode voltage. Adjust the 
voltage to achieve a beam radius of about 4 cm, and enter in 
your logbook your measurements of the beam radius R, the 
anode voltage Vanoge and the coil current i. 


ITQ 13 Remember that the Helmholtz configuration 
corresponds to two coils with separation equal to their 
radius. This condition makes it quite easy to calculate 
the magnitude of the axial magnetic field midway 
between the two coils. You can do this either by using 
equation 3 with x = r/2 (remember that this equation 
gives the field due to one coil only) or by using equation 
4 with 2d =r and X =0. Whichever method you 
choose, you should be able to show that the appropriate 
field strength to substitute into equation 12 is 


[By oitorm| ( : ee (13) 
uniform! — 5/5 F 
Now calculate the value of | B iea |, given that each coil 


has a radius of 6.8 cm and has 320 turns. 


Substitute the values of |B, jirorm|, R and Vanode Into equation 
12 to obtain a value for e/m.. 


What uncertainty would you put on your final result? What 
is the main source of this inaccuracy? What other factors 
contribute? 


Objectives 


By the time you have completed this experiment, you should 
have reinforced your knowledge of the following concepts: 


(a) magnetic fields and forces: 


(b) the motion of charged particles in uniform and non- 
uniform magnetic fields; and 


(c) vector addition of perpendicular and parallel fields. 


You will have carried out an investigation of the magnitude 
of the magnetic field arising from various arrangements of 
current-carrying coils and used experimental data to verify a 
theoretically derived equation. 


You will also have used a Hall effect probe to measure the 
magnetic field at the centre of a coil. 


In the final part of the experiment you will have determined a 
value for one of the fundamental constants of physics, the 
charge to mass ratio of the electron. 


Appendix 


Using the tube’s radial beam to find e/m, 


This method may be used if your radial beam produces a 
reasonably clear fluorescent region on the screen at the end 
of the tube. The radial and tangential beam methods are 
capable of giving equally good results and take about the 
same time. If, having inspected the beams, you are unsure 
about which method to use, then you should consult a tutor. 


In ITQ 12, you have obtained expression for e/m.. This 
expression involves three quantities: 


Vanode> Which you can read from the meter on the high 
tension power supply; 


|B|, which you can calculate from the dimensions of 
the Helmholtz coils and the current flowing through 
them; the current required for the radial-beam meth- 
od is smaller than for the method described in Section 
6, and so you should use one of the separate 100 mA 
or 200 mA meters that are available in place of the 
500 mA meter on the panel; 


R, the radius of curvature of the electron beam, which 
can be determined from the distance / through which 
the fluorescent spot is deflected by the magnetic field 
(Figure 11). 


gun 


Figure 11 


First switch the radial beam on, and, after allowing the 
cathode to warm up for two minutes, increase the anode 
voltage until a clear spot is visible on the end of the tube. At 
this stage, there should be no magnetic field applied. Mark 
the position of the fluorescent spot using a non-permanent 
felt-tip pen, or a mark on a strip of magic tape. Then apply a 
magnetic field, and mark the position of the deflected spot. 
Measure the distance / along the glass bulb between the 
positions of the deflected and undeflected beams and note 
down the anode voltage and the coil current. 


Assuming that the electron beam travels in a circular arc, the 
radius of curvature R of the beam is related to the distance d 
and L in Figure 11 by the equation 


Sod eae 
Jd 


(14) 


(This result can be obtained by applying Pythagoras’s 
theorem to triangle ABC.) From the figure, you can see that 


d=psin and L=s+pcos0@ 
0 is found from 
0 radians = l/p 
Therefore 
0 degrees = (180/7) x (I/p) 


where p, the radius of glass bulb, = 6.4cm, and s is the 
distance of the radial electron gun from the centre O of the 
glass bulb. The value of s for your tube is noted on a label on 
the stand. Use your measured value for the distance | to 
calculate the angle 0, and then the distances d and L. From 
these values calculate the radius R of the path of the electron 
beam. You should now return to the main text and continue 
with the calculation of e/m. 


Electrical oscillations 


(or ‘how to build your own radio receiver’ !) 
Contents 
Introduction 11 


1 The oscilloscope 11 
1.1 The basic principles 11 
1.2 Setting up the oscilloscope 12 


1.3 Using the oscilloscope 12 


2 The coil as a circuit element 13 


2.1 An unexpected voltage? 13 


2.2 Experiments with a coil 13 
2.2.1 Observing the coil voltage 13 
2.2.2 How is Voi related to i? 14 
Introduction 


This experiment is concerned with electrical circuits. You will 
be investigating some of the properties of inductors—coils of 
wire—and you will see how the combination of an inductance 
L and a capacitance C can sustain electrical oscillations. This 
combination—known as an LC circuit —has much in common 
with the mechanically oscillating systems that you met in 
Units 9 and 10. In the final part of the experiment, you will 
build a simple radio that uses an LC circuit to pick up the 
radio wave signal. 


The experiment involves the use of oscilloscopes and 
oscillators, and also the soldering of components into 
electrical circuits. However, though these are important 
techniques, you must avoid concentrating on them to the 
exclusion of the physics that is the core of the experiment. To 
draw your attention to important points, there are ITQs 
scattered at strategic places in this text. It is essential that you 
take the time to think carefully about these ITQs and to 
discuss them with a tutor. 


1 The oscilloscope 


While doing this experiment on oscillatory circuits, you are 
going to make extensive use of a cathode ray oscilloscope. If 
you have not used one before, it is worth spending a short time 
familiarizing yourself with this useful instrument. By doing 
so you will help yourself in two ways; you will get a lot more 
from the rest of this experiment and you will master the use 
of an instrument that is important in all sciences. 


1.1 


At its heart, an oscilloscope is a cathode ray tube (remember 
Thomson’s determination of e/m,—discussed in Unit 8). A 
beam of electrons is accelerated from a cathode through an 
anode and onto a fluorescent screen (Figure 1). The beam 
may be deflected by pairs of electrodes on either side of and 
above and below its undeflected path. 
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Figure 1 Schematic diagram of an oscilloscope tube. 


In the oscilloscope the deflection of the beam in the horizontal 
direction, and therefore the position of the fluorescing spot 
on the screen, is controlled by the ‘time base’, which fixes the 
rate at which the spot sweeps across the screen. The vertical 
movement of the spot is controlled by a potential difference 
(voltage) applied to the input socket. These controls on the 
spot position result in the fluorescence on the screen being a 
representation of how the potential difference at the input 
varies with time. For example, with the time base operating 
but no input voltage, the screen displays a horizontal line 
that can be adjusted to lie along the central horizontal axis. 
With this same adjustment the effect of applying three different 
input signals is shown in Figure 2. 


(a) (b) (c) 


Figure 2. Observed result of applying to the input, (a) a d.c. 
voltage, (b) a sinusoidal voltage, and (c) a voltage across a 
discharging capacitor. The dotted line represents zero applied 
voltage. 


There is one small complication. In the oscilloscope that you 
will be using, the electron beam is split so as to provide two 
essentially independent beams capable of displaying two 
different signals. These beams and their respective inputs are 
labelled A and B (or Y, and Y,). 


1.2 Setting up the oscilloscope 


Different manufacturers’ oscilloscopes vary in the positions 
of the controls but the layout on yours should be similar to 
the typical one shown in Figure 3. 
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Figure 3 Sketch of typical oscilloscope layout showing 
important controls. 


The first step is to find and identify your two beams. Turn on 
the oscilloscope and set the trigger control to AUTO(matic): 
two horizontal lines should appear. 


If they do not appear after, say, half a minute, adjust the A and 
B POSITION controls until both lines can be seen. 


If that doesn’t work turn up the INTENSITY control and 
try again. 


If success still eludes you, ask your tutor. 


Once you have found your beams, adjust the FOCUS and 
INTENSITY controls so as to give clear lines that are not 
too bright. Identify the beams by moving the A and B 
POSITION controls in turn and adjust the vertical position 
of both lines so that they lie along the centre of the grid. 
Adjust the horizontal position of the lines by using the X 
POSITION control to move them to a central position. 


The best way to investigate the effect of the sensitivity controls 
for the time base and the A and B inputs is to feed a signal 
from an oscillator into the oscilloscope. Use the BEAM 
SELECTOR control to switch off the B beam. Set the A 
INPUT MODE control to AC, and the A SENSITIVITY 
control to 0.5 V cm~!. When the mode switch is set to 
AC, only a.c. signals* are displayed; any steady (d.c.) 
input is filtered out. You will only use the AC setting in 
this experiment. 


* When a signal is changing with time it is described as an a.c. 
(alternating current) signal. A d.c. (direct current) signal is one that 
does not change with time. 


Set the TRIGGER controls to A, AUTO(matic) and either 
+ or —, and set the TIME BASE SENSITIVITY to | ms. 


Adjust the oscillator so that it provides a sinusoidal voltage 
(~) with a frequency of 1 kHz and an amplitude of about 
1 V. Connect the output of the oscillator to the A INPUT 
using a coaxial cable. 


You should now be able to see a steady sinusoidal waveform 
on your oscilloscope screen. Now observe the effect of 
altering 


(a) the TIME BASE SENSITIVITY (time/cm): 
(b) the A SENSITIVITY control (volts/cm). 


Measure the amplitude and period of the waveform using 
several different settings of the sensitivity controls, and com- 
pare the values obtained with those on the oscillator settings. 


The amplitude of a sinusoidal wave is the maximum displace- 
ment of the wave from its mean level. When making measure- 
ments of a sinusoidal voltage with an oscilloscope, it is 
generally simpler to measure the difference between the 
maximum voltage and the minimum voltage. This voltage 
difference is just twice the amplitude, and it is generally 
referred to as the peak-to-peak amplitude. Throughout this 
experiment you may measure and plot the peak-to-peak 
amplitude, rather than the conventional amplitude. However, 
if you do so, you must make it clear what you are doing by 
labelling your tables and graphs appropriately, e.g. amplitude 
of Voi = 30 mV peak to peak, or 30 mV p-p. 

One complication that often causes problems in taking 
readings from an oscilloscope is worth emphasizing. If you 
look at each of the sensitivity dials you will see that in the 
centre of each there is a smaller knob, marked CAL or 
CALIB. If you turn this you will observe that the sensitivity 
is altered smoothly. The sensitivity only corresponds to the 
value on the outer dial when the centre knob is turned fully 
clockwise until it ‘clicks’. At any other position you will not get 
a correct value for the frequency/amplitude of your a.c. wave- 
form. 


You might also like to try altering the oscillator output fre- 
quency or looking at some of the other waveforms produced 
by the oscillator (e.g. the square waveform and the saw-tooth 
waveform). 


1.3 Using the oscilloscope 


While doing the experiments on oscillatory circuits you will 
be using the oscilloscope to measure the amplitude and 
frequency of waveforms and also to observe changes in 
amplitude with time. You will frequently want to compare two 
voltages and can do this by feeding one into the A INPUT 
and the other into the B INPUT. In this way you can compare 
not only the frequencies and amplitudes of the two waves but 
also the phase difference between them. 


IMPORTANT NOTE 


The outer sheaths of the coaxial cables are connected to the 
metal casings of the coaxial plugs, and the outer casings of all 
of the coaxial sockets on the oscilloscope are screwed to a 
metal frame. This means that when the cables are connected 
to the oscilloscope, the outer sheaths are connected together 
electrically. The metal frame provides an earth for the whole 


system, and the oscilloscope measures potential differences 
relative to this earth. When connecting more than one coaxial 
cable to the circuits that you will be using, you must be careful 
not to connect the earthed screens of the cables to more than 
one point in the circuit. The central core of the coaxial cable 
for each input can be connected wherever you like in the 
circuit, and the voltage indicated by the trace will then be the 
potential difference between that point and earth. 


2 The coil as a circuit element 


2.1 An unexpected voltage? 


When a current i is passed through a resistance R, a voltage 
V appears across that resistor. These quantities are related 
by Ohm’s law 


V =iR 


However, if the resistor takes the form of a coil, this equation 
may not adequately predict the voltage across it. The compli- 
cation arises because of a phenomenon known as self induc- 
tion. The current in the coil produces a magnetic field in the 
volume around the coil (Figure 4). If the current is constant 
in time this field has no effect on the circuit but, if the current 
is varying, there is a changing magnetic flux through the coil, 
and you know from Unit 8 that this will produce an induced 
voltage between the ends of the coil. 
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Figure 4 Magnetic field lines due to a coil of wire. The 
arrow representing the current i points in the direction of 
conventional current. 


An alternative view of the situation can be gained by con- 
sidering the energies in the system. You should recall that the 
energy extracted from the power source each second is given 
by the potential difference through which the charge is 
flowing multiplied by the current (i.e. Vi). In the case of the 
simple resistor this energy is dissipated as heat. But setting 
up a magnetic field also requires energy, just as setting up the 
electric field in a capacitor requires energy to charge the 
capacitor. The energy required to build up the field must 
come from the power source and so, whenever the current i 
increases, the voltage V will depart from the value expected 
from Ohm’s law. When the current reaches a constant value, 
no further magnetic field energy is required and the voltage 
reverts to the value iR. If the current is reduced, the energy 
stored in the magnetic field is converted back into electrical 
energy and a voltage appears, opposite in sign to that which 
appeared when i was increasing. 


If an alternating current is passed through the coil the current 
increases and decreases periodically. So, of course, does the 


magnetic field and this results in an induced voltage which 
reverses itself periodically —an a.c. voltage! 


This magnetic induction effect is present in all circuits. 
However, in most cases, the effect is very small because the 
magnetic fields are weak. In such cases the more familiar 
ohmic effects dominate. However, in the case of a coil, and 
particularly one wound onto a core of magnetic material, the 
magnetic effects are very large and the induced voltages are 
larger than the ohmic voltages. 


2.2 Experiments with a coil 


2.2.1 Observing the coil voltage 


Using the insulated copper wire and the ferrite rod provided, 
wind a coil in the manner shown in Figure Sa. The purpose of 
the ferrite is to increase the magnetic field in the coil and to 
enhance the magnetic effects you will be trying to observe. If 
a non-magnetic rod were used, larger coils with more turns 
of wire would be needed to give the same effect. 


Attach the coil to the circuit board, and solder the end wires 
to the terminals provided. If you have not soldered before, 
ask a tutor for a demonstration. 


To examine the voltage across the coil, Voip When an a.c. 
current is passed through it, you need to set up the circuit 
shown in Figures 5b and 5c. (Remember the rule about 
earthing—see Section 1.3.) The colour code for resistor 


values is in an Appendix. 


The oscillator is now providing an a.c. voltage, Prat 
across the resistor and coil in series. Set the amplitude of 
the oscillator output to about 5 V and the frequency to 
40 kHz. This voltage can now be observed on the ‘A’ 
trace of the oscilloscope. The voltage across the coil alone 
should be observed on the ‘B’ trace. Set the appropriate 
trigger control to A and adjust the time base and sensitiv- 
ity controls so that you can measure the amplitudes of 
Pirat and Vooi 

The oscilloscope trace displaying V,,,, may show interfering 
high frequency oscillations as well as an oscillation of the 
same frequency as Varcu: You will be able to explain these 


by the time you have finished the experiment. For the moment, 
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Figure 5 Because the diameter of the ferrite rod may vary, 
the number of turns required may also vary. Your tutor will 
advise you of any change that is necessary. 
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ignore them if you can, or, if they prove too troublesome, 
consult a tutor. 


You should now note down in your logbook the amplitudes 
of Veireuit and Veo 


The instantaneous voltage across the resistor Ve is simply 


Vee Veran = Mooi (1) 
but, because the amplitude of V, is so much less than that 
of Varcu the equation 

Ve x Korent (2) 


holds to a good approximation at any given time. Now, 
because we can apply Ohm’s law to the resistor, we can find 
the amplitude of the current in the circuit from 


circuit 


ae) 
RR 


Using this equation and previous data calculate the 
amplitude of the current. The current through a pure 
resistance is simply proportional to the voltage across it. 
For example if V = V, sin(2nt/T), then i = (V/R)sin(2nt/T). 
It follows that there is no phase difference between the voltage 
across a resistor and the current through it. In our circuit 
Vcircuit ©% Vr and so there is no phase difference between 
Veireuit and i. 


Now you should examine the phase difference between Voit 
and i. Draw sketches showing the time variation of Vises 
Vo and i, indicating the amplitude of each and the phase 
difference between them. 


ITQ 1 Is the phase difference you observe between 
Vii and i consistent with V, being due to a resistive 
effect? Explain your answer. 


2.2.2 How is V 


coi) related to j? 
For a simple resistor we know that V = iR. We now want to 
find the relationship between the voltage across a coil and 
the current through it. You should have already found out 
that there is a phase difference between V; and i and so the 
voltage across the coil cannot be simply proportional to the 
current. The discussion of Section 2.1 leads to an alternative 
relationship. 


The induced voltage across the coil is produced by a changing 
magnetic flux through the coil. The flux is generated by the 
current in the coil and so it is reasonable to suggest that the 
induced voltage is proportional to the rate of change of the 
current in the coil, i.e. 
di , 
Veo eo or Voy = LS O 


where L is a constant of proportionality. 


ITQ 2 Look back at your sketches of V.,,, and i. Are 
they consistent with equation 3? Does V; have its 
greatest magnitudes where di/dt has its greatest 
magnitudes? 


ITQ 3 How will V,,;, change if (a) the amplitude of 
Veircuit IS doubled, (b) the frequency of Vires is doubled? 
You should be able to answer these questions by 
referring to your sketch graphs and equation 3. Make 
a rough experimental check of the validity of your 
predictions before reading on. 


We will now derive an expression for V.,,, in terms of the 
circuit voltage and the engg The applied voltage is 


2nt 
Veireuit = Vo sin (=) (4) 


This expression describes a sinusoidal waveform of amplitude 
V and period T. You have already discovered that almost all 
this applied voltage appears across the resistor. Therefore, 
from Ohm’s law, 


| LERA V 2rt 
TE circuit = 0 sin T (5) 
R R E 


To find the rate of change of the current, di/dt, it is necessary 
to differentiate this expression. You may recall from Units 9 
and 10 that, if y = sin At, then dy/dt = A cos At. Applying 
this rule to equation 5 gives 


diemi 2nt 
sure = 6 
dt RT cos( =) (6) 
and substituting equation 6 into equation 3 yields 
L2nkh 2nt 
Veo, = =” cos( — (7) 
RT F 


It follows that the amplitude of the voltage across the coil is 


L21%  L21V 
RI- -R 


amplitude of V,,;, = (8) 
where fis the frequency of the oscillator output. Both L and 
R are constant and so the amplitude of Vi will be propor- 
tional to f providing that V), the amplitude of the oscillator 
output, is kept constant. 


Using the circuit you have already set up, check this 
prediction in the range of 10 kHz to 100 kHz. Make a table 
of your results then plot a graph and from it derive a value 
for L. After changing the frequency, you may need to adjust 
the setting of the oscillator output so that V, remains 
constant. Remember to note down in your logbook the 
values of all quantities that enter into the calculation. 


The quantity L is known as the self inductance of the coil and 
is measured in units called henrys 


henry =1H=1VsA 1? =1kgm?¢ 2 


The equation Voi = L di/dt is of great use in analysing 
electrical circuits. However, a word of warning; the equation 
is often quoted with a minus sign inserted before di/dt to 
denote that the voltage opposes the increase in current. There 


is no need to consider this complication here. 


3 Oscillations in LC circuits 


3.1 A general look at oscillations 


You are already familiar with simple harmonic motion from 
Units 9 and 10. A mass m undergoes simple harmonic motion 
if the following equation is true: 


F = —ks (9) 


Here F is the force on the mass, s is the displacement, and k is 
a constant. In one dimension this can be written 


F,. = ma, = —kx (10) 
where a, is the x-component of the acceleration. 


Now a, is also equal to the rate of change of v, (the x-com- 
ponent of velocity) i.e. 


dv, 
a, = — 
adi 
and v, is the rate of change of x, i.e. 
dx 
v, = — 
=t 


So we could write 


Pae o 
Veapacitor 


Veoit 
= 
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Figure 6 


The expression d/dt(dx/dt) is usually written d?x/dt? and 
represents the rate of change of the gradient of a graph of x 
against t. Using this notation the equation for one-dimen- 
sional simple harmonic motion becomes 


2 k 
= =- (<); (11) 


Now look at the electrical system shown in Figure 6. There 
is no external source of potential difference in this circuit so 
we may write 

Vooi t lA 


capacitor 


=0 (12) 


From Section 2 of this Notebook and Unit 7 


di q 
L— and Kapacito = 
C 


Voil = 
dt 


Substituting these identities into equation 12 gives 


di 
Ee 


222: 
dt Cc 


or 


di q 

—=-— 14 

dt EE (14) 
But current is rate of change of charge (i = dq/dt), and‘ so 
equation 14 can be rewritten as 


d g) = q 
dedi) -EC 


or 


d? 1 
== (ek (15) 


ITQ 4 Compare equations 11 and 15. What does this 
comparison suggest about the electrical system of 
Figure 6? 


From the similarity of form of the equations, it seems reason- 
able to deduce that the electrical system can perform simple 
harmonic oscillations, but in this case it is the charge q that 
varies sinusoidally with time rather than the displacement x. 
Taking the argument a little further, compare the constants 
in the two equations. The period of oscillation of a mechanical 
system undergoing simple harmonic motion is given by the 


expression 
m 
T =2n z (16) 


By comparing equations 11 and 15, write down an equivalent 
expression for the period of the charge oscillations 


T = EE (17) 


3.2 Try it and see! 


To look at the behaviour of an LC circuit you should first 
connect a 0.1 „F capacitor in parallel with your coil as in 
Figure 7. (Use the polyester capacitor for this part of the 
experiment but do not use it in your radio). To start the 
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Figure 7 


oscillations the system needs an energy input, a ‘kick’. 
(Think of the mechanical analogue of a mass on a spring 
or a child on a swing.) In this case the oscillator can be 
used to give an electrical ‘kick’. Adjust the oscillator out- 
put to give voltage ‘pulses’ of magnitude approximately 5 
volts at a frequency of 1 kHz. This can be done by using 
the square wave output (Figure 8). 


pulses 


— peak to peak voltage 


+I cycle— 


constant 
voltage 


Figure 8 A square-wave form, showing how pulses equal to 
the peak—peak voltage are produced twice in each cycle. 


If the charge in your circuit is oscillating, then the voltage 
across the capacitor and inductor (coil) will also be oscillating 
and this can be observed on the oscilloscope. Does your 
system oscillate? Measure the period of the oscillation and 
note down your result. 


Calculate the period you would have expected for the 
oscillations from equation 17. Does your calculation agree 
with your measurement? 


ITQ 5 You will have noted that the amplitude of the 
oscillations decays with time. Can you suggest why this 
is happening? (Think of the reasons for the decay of the 
oscillations of a mass on a spring or a child on a swing.) 


Measure the length of time it takes for the amplitude of the 
oscillations to fall to half its original value and note down 
your result for Tj/>. 


Now increase the effective resistance of the coil by 
disconnecting one of the connections between the coil and 
capacitor and soldering a 10Q resistor between the two 
(Figure 9). Measure the length of time it now takes for the 
oscillations to fall in amplitude by a factor of 2. 


ITQ 6 Can you explain why the oscillation amplitude 
decays more rapidly with the 10 Q resistor in the circuit? 
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Figure 9 The circuit diagram for the damping experiment. 


This reduction in the amplitude of oscillations by some 
dissipative mechanism is known as damping and is the 
reason why clocks have to be wound up regularly and 
children have to be pushed intermittently on swings. Damping 
can be used to advantage —for example in car shock absorbers 
(which prevent the car body from bouncing up and down 
more than once for each bump in the road) or in preventing 
electrical meters from oscillating. 


3.3 Resonance 


The work you have done so far has shown that there is a 
close similarity between mechanical and electrical oscillatory 
systems. Another characteristic of mechanical oscillatory 
systems is resonance. 


A mechanical system that is exposed to a source of energy 
whose frequency is equal to the system’s natural oscillation 
frequency will be set into oscillations with a large amplitude 
(TV9). Think again of a pendulum or a mass on a spring. 
However, a periodic force applied at a frequency different 
from the natural frequency will not be very effective. 


In the electrical case, the oscillator can be used as an external 
source of energy and the frequency of the oscillator output 
can be varied in a search for an analogous resonance effect. 


Remove the 10 Q resistor from the circuit and reconnect the 
capacitor and inductor as in Figure 7. Set the oscillator to 
give a sinusoidal output of constant amplitude (observed on 
trace ‘A’ of the oscilloscope) and measure the amplitude of 
the voltage oscillations across the LC circuit as a function of 
oscillator frequency in the range 10kHz to 100kHz. Does 
the circuit resonate? Record your data in a table and plot a 
graph of the amplitude of Vzc against oscillator frequency 
as you are taking the measurements. 


Note down the amplitude of the oscillator output. 


Deduce the resonant frequency from the graph and compare 
this with the natural frequency you found in Section 3.2, 
displaying your results clearly in your logbook. 


The technique of observing resonance is a very powerful one 
and has wide applications in both the physical and biological 
sciences. 


Now reconnect the 10 Q resistor in the LC circuit (as shown 
in Figure 9) and repeat the resonance measurements. Make 
a table of your results and plot them as you go on the same 
graph as the previous resonance curve. 


ITQ 7 By comparing the two resonance curves, 
what can you deduce about the relationship between 
the width of the resonance curve and the decay time 


of the oscillations measured in Section 3.2? Does this 
remind you of experiments with milk bottles and tuning 
forks in TV9? 


3.4 More thoughts on energy 


You should have been convinced by the results of these 
experiments that an LC circuit can indeed support oscillations 
and that there is a close analogy between electrical and 
mechanical oscillations. In both cases some parameter varies 
sinusoidally with time; displacement in the mechanical case, 
charge in the electrical case. In both cases a ‘kick’ by an outside 
force, supplying a short burst of energy, can start the system 
oscillating and these oscillations gradually decrease in 
amplitude if there is dissipation of energy. 


But what about the energy conversions within each cycle? 
For a pendulum gravitational energy is converted into kinetic 
energy and back again twice in each cycle (Units 9 and 10). 
Such a cycle of energy conversions is an essential part of any 
oscillatory system. 


In the LC circuit the energy stored in the capacitor is in the 
form of electrostatic energy and is greatest when the voltage 
across the capacitor is greatest (Ea = 4CV?, Unit 7). The 
energy stored in the inductor is in the form of magnetic energy 
and is greatest when the current through the coil is greatest 
(Section 2.1). This occurs at the point when the voltage across 
the capacitor (and coil) is equal to zero. Check the graphs 
you sketched in Section 2.2 if you are not convinced. Thus, 
there is a conversion from electrostatic to magnetic energy 
and back twice in each cycle. 


When resonance occurs the external energy source is providing 
a periodic supply of energy to the system and, at the resonant 
frequency, the energy drawn from the external source (the 
oscillator) is at a maximum. This is evident from your 
observations of the voltage across the LC circuit. The net 
current through the circuit is constant because of the 100 kQ 
resistor, but, at resonance, the voltage across the LC circuit 
shows a sharp maximum, indicating maximum power (Vi) 
consumption. 


3.5 Resonance using square-wave 
excitation 


An optional experiment. You might like to investigate 
how your LC circuit responds when excited by a square 
wave. Does it still show resonant behaviour? If so, at 
what frequencies? Can you explain your observations? 


4 Making a radio receiver 


4.1 General principles 


In Section 3 an oscillator and a direct electrical connection 
were used to feed energy into an LC circuit, and you saw 
that, if energy is supplied at the resonant frequency, large 
oscillations can be produced in the circuit and a maximum 
amount of energy is extracted. 


But a direct electrical connection is not the only way of 
supplying energy to an LC circuit. Another way is to place 
the coil so that an oscillating magnetic field passes through it 
and induces current oscillations in the coil. 


This is the basic principle behind a radio receiver. You know 
from Units 9 and 10 that electromagnetic waves have oscilla- 
ting magnetic field vectors. These can be used to induce 
resonant oscillations in an LC circuit, whose natural frequency 
is equal to that of the electromagnetic waves (Figure 10). 
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Figure 10 The coil is aligned along the direction of the 
magnetic field vector in order to maximize the induced signal. 


Radio waves are electromagnetic waves with frequencies 
between about 100 kHz and 100 MHz and, by a suitable 
choice of L and C values, a circuit can be made that will 
resonate at the required frequency in this range. The usual 
procedure is to use a coil of fixed inductance L and a variable 
capacitor so that the receiver can be ‘tuned’ to different fre- 
quencies, and therefore different stations, within a fairly wide 
range of frequencies. 
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Figure 11 The two types of modulation used in radio 
transmission. In amplitude modulation the amplitude of the 
carrier is modulated so that its deviation from a nominal value 
is proportional to the pressure at that instant of the sound 
wave to be carried. In frequency modulation the frequency of 
the carrier wave is modulated so that the instantaneous 
difference in frequency between the carrier and its un- 
modulated frequency is proportional to the pressure at that 
instant of the sound wave to be carried. 


The information carried by radio waves is contained in 
modulations of either the amplitude or the frequency of the 
wave (Figure 11). The receiver described in this Section will 
pick up either long wave (= 150-300 kHz) or medium wave 


(= 0.5-1.5 MHz) signals. In these frequency bands the radio 
wave is amplitude-modulated. In this case the frequency of 
the radio wave (known as the carrier wave) remains constant 
but the amplitude is modulated by an amount proportional 
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Figure 12 Communication by radio. 


to the pressure at that instant of the sound wave that the 
Station wishes to transmit. If an LC circuit is tuned (by 
altering the capacitance), so that its resonant frequency is 
equal to the frequency of the carrier wave transmitted by the 
station, then oscillations will be set up in that LC circuit. 
Furthermore the amplitude of the oscillations will be depen- 
dent on the amplitude of both the electromagnetic wave and 
the pressure at the microphone. 


demodulator 
0.01 uF 


tuned LC 
circuit 


To obtain an audible sound wave it is first necessary to remove 
the carrier wave from the received signal. This process is 
called demodulation. Then the audio signal is amplified 
and drives a loudspeaker or earpiece. The processes involved 
in radio communication are shown in Figure 12. 


4.2 Building a receiver 


A circuit design for a simple radio receiver is set out in 
Figure 13. The first and most essential part of the circuit is 
the LC circuit. The coil you have already wound can be used 
in an LC circuit to receive medium wave radio signals 
(0.5-1.5 MHz). 


ITQ 8 Over what range of values must the capaci- 
tance of the LC circuit be varied if the resonant fre- 
quency is to span the range 0.5 to 1.5 MHz? You will 
need to use equation 17 and your measured value of L. 
Note down in your logbook minimum and maximum 
capacitance values necessary to achieve this tuning 
range. 


If you have been working with a partner until now, it is 
suggested that at this stage you might find it more rewarding 
to divide your efforts so that one of you builds a medium 
wave receiver using the coil that you have already wound, 
and the other builds either a second medium wave receiver 
or a long wave receiver (to receive 150-300 kHz). With the 
variable capacitor provided (up to 270 pF) and the coil you 
have already wound, it is possible to receive medium wave 
signals, but you will need to wind a different coil to receive 
long waves. The value of the inductance of a coil of fixed 
radius depends on the square of the number of turns, ice. 
Ince n. 


ITQ 9 By referring back to Section 2.1 and 
considering the inducide voltage across each turn of 
wire, explain why L oc n?. 


Now deduce the factor by which the inductance of the coil 
needs to change in order to receive long waves. From this, 
you can calculate the number of turns of wire that should be 
wound on the ferrite rod to produce a coil suitable for a long 
wave radio. 


No. of turns = 


crystal 
earpiece 


ZTX300 
transistor 
amplifier 


Figure 13 A radio receiver. The integrated circuit labelled ZN414 performs the demodulation as well as providing some ampli- 
fication. A one-transistor amplifier helps to boost the signal further. (The 0.01 uF capacitor across the earpiece is an optional 


component.) 
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Figure 14 The layout of the printed circuit board for the 
radio, viewed from the component side, i.e. the opposite side 
to the metal strips. It is essential to insert the leads of the 
ZN414 so that the tag on the can is in the orientation shown, 
and to insert the leads of the ZTX300 so that the flat side is in 
the orientation shown. Note that 0101 means 0.01 pF, 3K3 
means 3.3 kQ, etc. 


The remainder of the circuit in Figure 13 consists of a de- 
modulator, amplifier and earpiece. Note that the battery is 
required only to provide the power for amplification; the 
energy for the oscillations in the LC circuit is taken from the 
electromagnetic waves and ultimately, of course, from the 
energy supplied to the transmitter. 


Disconnect the 0.1 uF capacitor from across the coil: this 
capacitor should not be used in your radio. Now connect 
together the radio circuit as shown in Figure 14. Adjust the 
variable capacitor and the orientation of the coil until a 
strong signal is heard. 


ITQ 10 Why is the orientation of the coil important? 
What can you deduce about the polarization of the 
radiowaves and about the location of the trans- 
mitter? 


Appendix Colour coding of 
resistors 


Resistors are generally marked with four coloured rings to 
denote the value of their resistance and its tolerance. The 
colour coding is as follows 


0 black 5 green 
1 brown 6 blue 
2 red 7 violet 
3 orange 8 gray 
4 yellow 9 white 


The first two rings indicate the first two digits of the resistance 
value, and the third ring indicates the number of zeros that 
follow these two digits when the resistance is expressed in 
ohms. The fourth ring indicates the tolerance of the resistance: 
gold means +5%, silver +10 %. 


Thus a resistor that was coded red-red—green-gold would 
have a resistance of 2 200 000 Q, i.e. 2.2 MQ, with a tolerance of 
te 


Objectives 


After doing this experiment, you should be able to: 


1 Use an oscilloscope to display and measure oscillatory 
signals. 


2 Explain the physical reasons for the voltage across an 
inductor, recall that the voltage is proportional to the fre- 
quency, and recall that V = L di/dt. 


3 Explain using circuit equations or energy arguments why 
an LC circuit oscillates. 


4 Recall that the resonant frequency of an LC circuit is 
equal to the natural frequency, and use the equation f = 
(2n,/LC)7! to calculate the resonant frequency of an LC 
circuit or to determine the values of the components required 
to produce a specified resonant frequency. 


5 Recall the qualitative relationship between the width of a 
resonance curve and the decay time of natural oscillations. 


6 Explain the use of an LC circuit as a tuned detector in a 
radio receiver. 


7 Use a soldering iron to assemble electronic circuits. 
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Radiation safety 


When «a-, B- or y-radiation is absorbed by the body, 
cells are damaged. You are constantly exposed to 
radiation from various natural sources in the environ- 
ment, and stringent safety limits are placed on the 
amount of additional radiation you may be exposed to 
due to man-made radiation sources. This experiment 
has been designed so that the radiation levels are within 
the specified limits, provided certain simple procedures 
are followed at all times. 


The most active source that you will use (137Cs) is 
permanently housed in a lead container that absorbs 
the radiation, and other lead bricks are positioned to 
absorb any stray radiation. You must NOT interfere 
with this lead shielding, or you may be exposed to high 
doses of radiation. 


Introduction 


In this experiment you will investigate some of the properties 
of y-rays, which are one of the types of radiation produced 
from atomic nuclei. You will measure the energy spectrum of 
the y-rays emitted by certain sources, and you will investigate 
how y-rays are scattered by a solid—the so-called Compton 
effect. 


1 Radioactivity: a-, B- and y-rays 


The term radioactivity is used to describe the process of 
spontaneous change, or decay, that takes place in the com- 
position or energy of unstable nuclei. It may be accompanied 
by the spontaneous emission of a subatomic particle or a 
photon from the nucleus, and by the release of energy. 


It is convenient to classify radioactive decay processes 
according to the nature of the radiation given out during the 
decay. 


Several other, less active, sources are used in some 
parts of the experiment, but these will always be 
positioned or removed by a tutor. They should NOT be 
handled by students. When these sources are not in use 
in the apparatus, they are stored in a heavily shielded 
lead-lined box in the laboratory. 


The two basic rules to observe are: 


(a) Always ask a tutor to make any changes or 
adjustments that involve the removal, replacement or 
repositioning of any of the radioactive sources used in 
the experiment. 


(b) If in any doubt about any procedure, always 
consult a tutor. 


They fall into three classes: 


(a)a-decay This type of radioactivity occurs when a nucleus 
decays with the ejection of a helium nucleus 4He (a so-called 
a-particle)*. 


An example would be the decay of uranium 738U into a 


thorium nucleus 736Th and an «-particle: 
238U — 736Th + 4He + several million electron volts 
(MeV) of energy. 


Thus the characteristic of the «-decay process is that the mass 
number of the ‘new’ element is 4 less than the mass number of 
the parent element, and the atomic number is reduced by 2. 


(b) B -decay Sometimes a neutron in an unstable nucleus 
transforms into a proton, with the emission of an electron. 


* In this nomenclature, the superscript stands for the number of 
nucleons (protons and neutrons) in the nucleus; this is called the 
mass number A. The subscript represents the number of protons in 
the nucleus, and is called the atomic number Z. 
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The electrons emitted during radioactive decays of this kind 
are often called B` -radiation. 


In B` -decay, the total number of protons and neutrons in the 
nucleus (the mass number) remains the same, but there is one 
less neutron and one more proton in the make-up of the new 
nucleus. This means that the atomic number of the new 
element is increased by one. 


ITQ 1 An example of B` -decay is the decay of the 
carbon nucleus 'C into an isotope of nitrogen, as 
shown in the following equation: 


'8C + ¿N +e + about 1 MeV of energy. 


Using your knowledge of what happens to the nucleus 
in B` decay fill in the mass number and atomic number 
of the nitrogen isotope. 


In some stable nuclei, the ‘opposite’ process to B -decay can 
occur: a constituent proton transforms into a neutron, with 
the emission of a type of particle known as a positive electron, 
or positron. This type of radioactive decay is called B*-decay 
to distinguish it from electron (B7) emission. 


ITQ 2 Inthe B*-decay ofa certain isotope of carbon, 
the end products are a stable nucleus of boron '!B, and 
a positron: 


'¿C > '1B + e* + about 1 MeV of energy 


Use your knowledge of B+ -decay to work out the mass 
number and atomic number of the parent carbon atom. 


Notice that the kinetic energy carried by the electron or 
positron in B~ -decay or ß* -decay is typically around 1 MeV. 


(c) y-decay In this experiment, you will be confining your 
observations to y-decay. In some ways y-decay is the simplest 
of the three decay processes to understand, since it is exactly 
analogous to the emission of a photon that takes place when 
an atomic electron in an excited state makes a transition to a 
lower energy level. In this latter process, the emitted photons 
give rise to the familiar spectral lines of atomic spectra. 


In the case of y-decay, however, it is the protons and neutrons 
in excited nuclei that give rise to the emitted radiation, rather 
than atomic electrons. Technically, the only difference 
between y-rays and the more familiar photons of light is that 
the former are much more energetic. Both are electromagnetic 
radiation or ‘photons’, but the y-ray photons that carry off 
the difference in energy between the excited nucleus and the 
de-excited nucleus are of very high frequency (very short 
wavelength). 


ITQ 3 In the following equation, fill in the element 
(including its mass and atomic number) that is the end 
product of the y-ray decay process shown: 


Uf- 
13In —> 49 4n +y 


Your answer to ITQ 3 should have indicated that the same 
type of nucleus is left after the excited nucleus has emitted a 
y-ray, but, of course, it has less energy. In fact, a better word 
for y-decay would be y-transition (by analogy with ordinary 
atomic spectra due to the transitions of atomic electrons). 
However, we shall stick to the more common term of y-decay. 
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1.1 The random nature of radioactive 
decay 


A characteristic feature of all radioactive decay processes is 
that they occur spontaneously, and randomly with time. It is 
not possible to say exactly when the next decay will take place; 
it is only possible to talk in terms of probabilities. This means 
that there is an inherent uncertainty in the number of decays 
that take place in any fixed time interval. If you count the 
number of decays in a certain source in several intervals of 10 
seconds, say, you will not get the same result each time. In 
fact, if the measured number of decays is N, then the uncer- 
tainty that must be associated with this number because of the 
random nature of the decays is JN. So, for example, if 1000 
decays were counted, the uncertainty associated with the 
result would be ./1000 (~ 30). It is important to note that 
though the uncertainty JN increases as the number N of 
counts increases, the fractional uncertainty, i.e. JNIN, gets 
smaller as the number of counts increases. You will need to 
take into account these statistical uncertainties when planning 
your measurements in this experiment. 


2 The experimental apparatus 


Figure 1 is a block diagram of the detection and counting 
system. 
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Figure 1 


The scintillation detector In this experiment, you will use a 
device known as a scintillation detector to detect the y-Tays. 
At the ‘front-end’ of this detector there is a sodium iodide 
(Nal) crystal, which emits a small flash of light —it scintillates 
—when struck by radiation. The crystal is totally enclosed 
within an aluminium shield, which serves three functions: it 
shields the crystal from the ambient light, it prevents a- and 
B-radiation from reaching the crystal, and it prevents the 
light produced by the y-rays from escaping from the sides of 
the crystal. 


The tiny flash of light produced in the crystal by a y-ray falls 
on a photomultiplier tube, which is directly behind the crystal 


inside the aluminium shield. The photomultiplier is an 
extremely sensitive light detector. In this device, the visible 
light ejects electrons from a plate—a process called the photo- 
electric effect. These electrons are then accelerated by a large 
electric field and strike another plate at high speed, liberating 
many more electrons, which in turn are accelerated to another 
plate where they produce even more electrons. By using a 
series of plates, the initial pulse of electrons is multiplied a 
million-fold or so. 


Thus, a single y-ray striking the Nal crystal produces a 
measurable pulse of current at the output of the photo- 
multiplier, and the size of this pulse depends on the energy of 
the y-ray. So if you could measure the size of each current 
pulse, and if you could keep count of the number of pulses of 
various sizes, then you would find out what the distribution, 
or spectrum, of y-ray energies looked like. This is precisely 
what the apparatus connected to the output of this photo- 
multiplier, known as a pulse height analyser does. 


The pulse height analyser. The operation of the pulse height 
analyser can be broken down into three stages. 


(a) It first amplifies the current, so that a larger pulse is 
produced at the output of the amplifier. The amplification is 
determined by the setting of the gain control (Figure 2), which 
has been preset and should not be readjusted. The amplitude 
of the amplified pulse is still proportional to the energy of the 
y-ray striking the sodium iodide crystal. 


(b) It now discounts, or ignores, all those pulses whose 
amplitude falls either below a certain value, or above another 
(higher) value. This process is known as discrimination, and 
only those pulses whose amplitude lie within the sensitive 
range, or window, are passed on to the next stage. The level 
of the bottom of this sensitive window can be adjusted by 
means of the large dial on the pulse height analyser (Figure 2). 
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Figure 2 The pulse height analyser. 


In fact, by adjusting this dial you also set the level of the top 
of the energy window, because the window width is fixed.* 
So by adjusting this dial you are essentially varying the band 
of energy (of fixed width) in which y-rays are being counted 
(Figure 3). 


(c) For every pulse that falls within the discriminator 
window, a signal is sent to the counter, (often called a scaler). 
Every time a pulse is received from the pulse height analyser 
output, the reading on the scaler is increased by one. 


* It is preset to cover a width corresponding to about 24% of the 
total energy range covered by the pulse height analyser. 
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Figure 3 The effect of the discriminator window of the pulse 
height analyser. With the window at level A, pulse 1 produces 
an output pulse, but pulses 2 and 3 are blocked (discriminated 
against) since their amplitudes are below the level of the 
window. With the window at B, only pulse 2 produces an 
output pulse, and with the window at C, only pulse 3 produces 
an output pulse. 


Note that a voltage of the order of 1.3 kV is required for the 
photomultiplier tube. The voltage has been pre-set to the 
correct working value for the photomultiplier tube. 


SAFETY WARNING 


Under no circumstances should you vary this voltage, or inter- 
fere with the high voltage supply in any way. 


3 Measuring the energy 
distribution of y-rays 


In this part of the experiment, you will investigate the distri- 
bution of the energies (the energy spectrum) of the y-rays 
emitted from a '3’Cs source. These measurements will allow 
you to familiarize yourself with the equipment, and will be the 
first step in calibrating the detection system. You will also be 
able to deduce an important property of atomic nuclei. 
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Figure 4 The apparatus, showing locations of the sources 
and the detector. 


The overall layout of the equipment is shown schematically 
in Figure 4. First move the piece of lead M so that it is not 
blocking the path of the y-radiation from the !37Cs source. 
Position the detector so that the protractor reads 0 degrees; 
the detector is then directly in the path of the radiation from 
the '°’Cs source. Ask a tutor to check the high-voltage supply 
for the photomultiplier, and to check the pulse height analyser 
and the counter. 


Note that the gain control on the pulse height analyser deter- 
mines the energy range covered by the dial, AND SHOULD 
NOT NEED ADJUSTMENT. BE CAREFUL NOT TO 
DISTURB IT DURING THE EXPERIMENT. 


3.1 Experimental method 


You should now determine the energy spectrum of the y-rays 
from the '3’Cs source by measuring how the number of 
counts in a certain time interval depends on the setting of the 
discriminator window. 


As a preliminary measurement, you should set the dis- 
criminator window at 0.0, start the counter and stop-watch 
simultaneously, and then stop them simultaneously when a 
suitable time has elapsed. 


Now try to answer the following ITQ, which will help you 
with your subsequent measurements. 


ITQ 4 Suppose that you have just measured N 
counts in t seconds. 


(a) What are the main sources of uncertainty in the 
value that you would quote for the number of counts 
in t seconds? 


(b) Can you quantify these uncertainties for the 
measurement that you have just made? 


(c) What criteria will you use to decide on a suitable 
time over which to count the y-rays for each discrimin- 
ator window setting? Do you need to use the same 
time interval for each window level? 


You should discuss your answers to this ITQ with a tutor 
before proceeding. 


Now you need to determine the number of y-rays detected 
for various settings of the discriminator window. Record your 
results in a table. In making these measurements, you may 
find it useful to do a quick scan of the whole spectrum in 
order to establish what range of counts you are going to have 
to measure. This quick scan will also allow you to plot a 
rough graph of the spectrum. When you are making your 
more accurate measurements, it is important to plot a graph 
of counts versus discriminator setting as you go along, rather 
than waiting until you have completed your measurements. 
The graph will indicate regions of interest in the spectrum 
where you will want to concentrate your measurements. 


ITQ 5 In what way(s) is the y-ray spectrum that you 
have just plotted similar to the visible spectra emitted 
by atoms, and in what way(s) do the two types of spectra 
differ? Does the comparison suggest anything to you 
about the nature of atomic nuclei? Make sure that you 
discuss your results and conclusions with a tutor. 
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4 Calibration of the detector 
system 


Before investigating the nature of y-radiation further, it’s 
necessary for you to calibrate the scale on the discriminator 
dial, so that you will be able to relate the reading on the 
discriminator dial to the energy of the y-rays that you are 
counting. You have already made a start on this in the previous 
part of the experiment since you have located the discriminator 
setting corresponding to the peak (or peaks) in the spectrum 
of one particular source. The energies of the y-Tays in the 
spectrum of this and other sources are shown in Table 1. 


Table 1 


y-ray energy/keV 


ITQ 6 (a) Does the discriminator setting that pro- 
duced a maximum in the number of counts correspond 
to the energy of the appropriate y-rays listed in Tablel? 
If your answer is ‘yes’, what assumption are you making 
about your data? 


(b) How can you accurately determine the dis- 
criminator settings corresponding to the y-ray energies 
without concentrating on measurements in the 
immediate vicinity of the maxima? If you are unsure 
of the answer to this question, then consult a tutor. 


You may wish to make a few additional measurements to 
locate more precisely the peak(s) in the spectrum that you 
have already measured. Then repeat the energy spectrum 
measurements with other sources listed in Table 1. These 
other sources have lower activity than the !37Cs source. They 
will be inserted by a tutor through the top of the apparatus, 
and positioned just in front of the detector (Figure 4). The 
movable lead block M must be used to block the !37Cs 
y-rays, and the detector should be moved round to 90° to 
minimize the residual background radiation from this 
source. Your main priority is to locate the characteristic peaks 
in the spectrum of each source—there is no need to examine 
the rest of the spectrum. You should make tables of your 
results and plot graphs of the spectra as you proceed. Then 
plot a calibration graph of the y-ray energy of each peak in 
the spectra of the sources versus the discriminator setting 
for that peak. 


5 Compton scattering 


In Section 1, we discussed briefly the nature and origin of 
y-rays, and pointed out that they are, in reality, electro- 
magnetic radiation with a very short wavelength. The 662 keV 
y-radiation from the '3’Cs source, for example, has a wave- 
length of about 2 x 1071? m, which is about 3 x 10° times 
smaller than the wavelength of visible light. But in this experi- 
ment the y-radiation has appeared to behave like purticles 
rather than waves. The radiation is absorbed by the detector 
in discrete packets, and each of these discrete packets—or 
photons, as they are usually called—causes a current pulse 
and increases the number you read on the counter by one. 


To find out more about the behaviour of y-rays, you are now 
going to investigate the way they are scattered when they 
strike a metal. In particular, you will determine whether the 
scattering is better described by assuming the y-rays behave 
like waves and are diffracted, or by assuming that the y-rays 
behave like particles and undergo billiard-ball-type collisions. 
One of the most important ways in which y-rays scatter from 
matter is in a process known as Compton scattering or the 
Compton effect. This is the process you will now investigate 
experimentally, and you will meet it again in Unit 14. 


In this part of the experiment, you will use the !37Cs source, 
so you should make sure that the movable piece of lead 
(Figure 4) is not blocking the beam. A piece of brass is used 
to scatter the y-rays, and this should be inserted in the position 
that was used for the low activity sources in the earlier 
experiments, 


The y-rays from the '?’Cs source are collimated into a narrow 
beam by the lead shield. In addition, there are lead bricks in 
front of the detector to ensure that only y-rays approaching 
approximately along the axis of the detector will reach the 
sodium iodide crystal. Thus when the axis of the detector is 
set at an angle @ to the incident beam (Figure 4), you will be 
able to determine the energy spectrum of the y-rays that are 
scattered through this angle 0. 


You should measure the energy spectrum of the radiation 
scattered at a particular angle. Please consult your tutors 
about the choice of angle, so that they can ensure that the 
whole group covers a wide range of angles. Note down your 
scattering angle. 


You will need to use longer counting times than in the earlier 
parts of the experiment because the count rate will be lower. 
You should also measure the background radiation at each 
setting of the discriminator window, i.e. the count obtained 
with the detector in the same position but with the brass 
target removed. This background count can be subtracted 
from the count recorded with the rod in place to yield the 
spectrum of the y-rays that are scattered by the brass rod. 


Again, you will find it useful to do a rough scan in order to 
roughly localize the scattered peak, and to determine the 
necessary counts required for an accurate measurement. You 
should enter your results in a table, and plot out the results as 
you are making the measurements. 


After you have got some preliminary data, try the following 


ITQ. 


ITQ 7 Which set of counts effectively determines the 
uncertainty in the measurement of the number of y-rays 
scattered by the brass target? Is it 


(a) the number of counts with the brass target in place, 
or 


(b) the number of counts with the brass target 
removed, or 


(c) the difference between (a) and (b)? 


Your results may show a peak at 662 keV, which is the charac- 
teristic energy of the y-rays emitted by !37Cs, and they should 
show another peak at a lower energy. Determine the energy 
of this new peak, and enter the result in your log book. 


5.1 The theory of the Compton effect 


The new peak in the spectrum of the scattered y-rays has a 
lower energy than the characteristic energy of the y-rays 
emitted by '3’Cs. The y-rays making up this peak must have 
lost energy when they were scattered from the target, and so 
something in the target must have gained this energy. Assum- 
ing that certain particles within the brass target are scattering 
the y-rays, the gain in energy of each of these particles must be 
accompanied by a change of their momentum. But if the 
momentum of a particle that scatters a y-ray changes, then 
according to the law of conservation of momentum, there 
must be a change of equal magnitude in the opposite direction 
in the momentum of the y-ray. Note that this implies that a 
y-ray behaves like a particle—it has momentum associated 
with it. 


This may surprise you if you know that y-ray photons, like 
photons of other types of electromagnetic radiation, have no 
mass. A photon has no mass but it does carry momentum! 
This is at odds with the Newtonian definition of momentum, 


p = m 


But since photons move at the speed of light c, a relativistic 
formula for their momentum must be used. The appropriate 
formula is 


pe? = Eķkin(Ekin + 2mc?) (1) 


where p is the magnitude of the momentum of a particle that 
has kinetic energy Eķin and mass m*. 


Note that this formula reverts to the familiar relation, 
p?/2m = E,;,, if the particle speed is much less than c, so 
that E,;, < 2mc?. Also note that for a photon, m = 0, and so 
we obtain 


for a photon: pe = E,;, (2) 


* This formula can be derived by eliminating the total energy E 
from the following two important results from Unit 12, Special 
relativity: 


E? = p?c? + m*c* and E = Epin + me? 


There is no need to worry about the origin of these equations as 
far as this experiment is concerned. 
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We willnow derive an expression for the energy of the scattered 
y-ray. We recommend that you skim through this derivation 
now as far as the result in equation 7, and study it in more 
detail after you have analysed your results. 


scattering 
particle 
3 2 at rest 
before incoming y-ray 
Se PLL4FJu> è 
Ey, Po 
scattered particle 

after 


scattered y-ray 


Figure 5 Compton scattering of a y-ray. 


Consider the schematic picture of the collision shown in 
Figure 5. Eo and po refer to the energy and momentum of the 
y-ray before scattering, E, and p, refer to the energy and 
momentum of the y-ray after scattering, and E, and p, to the 
kinetic energy and momentum after scattering of the object 
that scatters the y-ray. Note that we assume that the scattering 
object is initially at rest. 


Conservation of energy then implies 
Eo =f; FE, (3) 


From equation 2, pọ = E,/c and p, = E,/c, and so conserva- 
tion of momentum implies 


1 125 = 
— = — cos 0 + p, cos ¢ (4) 
Cc G 
and 
E 
0 = — sin 0 — p, sind (5) 
C 


Eliminating ġ between equations 4 and 5 yields 
E> + Ej — 2E)E, cos 0 = p3c? (6) 
and using equation 1 to eliminate p3c? from the right-hand 
side of equation 6 yields, after some algebra, 
Eo 
Eo (7) 


2 (1 — cos 6) 
n,e 


Ee 


1+ 
} 


where E, is the energy of scattered y-ray, Ey the energy of the 
incident y-ray, 0 the angle of scattering, and m, the mass of 
scattering object. This is known as the Compton formula. 


(By relating the energy of the y-ray to the wavelength of the 
radiation using the relation E = hf = hc//, which you will 
meet later in the Course, the Compton formula can be ex- 
pressed as: 
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bees he/Ao 


i he 
1+ 


1 — cos 0 

Agm,c? ) 

By dividing both sides by c/o, and rearranging, this 
becomes 


h 
(A, — 2o) = — (1 — cos 0) 
mC 
where A) and A, are the wavelengths of the incident and 
scattered y-radiation respectively. You will meet this result 
again in Unit 14.) 


5.2 Analysing your results 


You should now check whether your results support the 
theoretical expression (equation 7) derived in the previous 
section. As a first step, use your measured values of E, and 0 
to calculate a value for the mass m, of the scattering object. 


ITQ 8 Does your value of m, suggest what could be 
responsible for scattering the y-rays? 


Of course, a single measurement like you have made is not a 
very satisfactory test of the theory. However, each pair of 
students will have made measurements at a different angle, 
and so all of the results can be brought together to provide a 
much better test. 


ITQ 9 Given that the group has obtained a series of 
results for the energy of the y-rays scattered at various 
angles 0, what graph would you plot to test the validity 
of the Compton formula and to determine a value for 
the mass m,? 


Use the results obtained by the whole group to plot a suitable 
graph and deduce a value of m,. Remember to take the errors 
into account, and quote an uncertainty in your value of m,- 


ITQ 10 Can you explain the presence of the 662 keV 
peak in your scattered energy spectrum? 


If you have time, you may like to attempt to improve your 
measurement of the energy of the Compton peak. Discuss 
your ideas with a tutor before proceeding. Alternatively, you 
may wish to measure the energy of the peak at other angles. 


Objectives 


After completing this experiment, you should be able to: 


1 Recall that y-rays are a form of electromagnetic radiation, 
that they are emitted when atomic nuclei make transitions 
from excited states to lower energy states, and that each y-ray 
source has its own characteristic spectrum of well-defined 
lines. 


2 Make measurements of y-ray spectra. 


3 Estimate uncertainties in counting experiments, and plan 
measurements to achieve a desired accuracy. 


4 Recall that y-rays are scattered by electrons in solids (the 
Compton effect), that this scattering is evidence that a photon 
has momentum associated with it, and that measurements of 
the energies of the y-rays scattered at various angles can be 
used to determine the mass of the electron. 


Short experiments 


Muzzle speed of an air gun pellet—the ballistic balance 


Introduction and theory 


The muzzle speed of an air gun is to be measured by firing 
the lead pellet or ‘slug’ into the block of a ballistic pendulum 
(Figure 1), and studying the subsequent motion of the block. 


string 
support 


aee SS Seg esil 


scale and pointer 


Figure 1 


The impact of the slug on the block, in which it becomes 
embedded, is an example of a completely inelastic collision, 
after which the two bodies move away together. Let u be the 
speed of the slug as it strikes the block, and v the common 
speed of slug plus block immediately after the collision. Then, 
ifm and M are the masses of the slug and the block respec- 
tively, we can use the principle of conservation of momentum 
and write down the equation 


mu = (M + m)v (1) 


The masses M and mcan be found by weighing, but the speeds 
u and v in equation 1 are unknown. However, we can deter- 
mine the speed v by observing the motion of the block plus 
slug after the impact. This is depicted in Figure 2a. The com- 
bined mass (M + m) swings as a pendulum, starting with a 
‘kick’ from its lowest point, with initial speed v and kinetic 
energy Eķin given by 


Exin = (M + m)v? (2) 
As the mass swings, it gains height and slows down as its 
kinetic energy is converted to gravitational potential energy, 


until, at its highest point, the kinetic energy is zero and the 
potential energy is 


Epo = (M + m)gh 
where h is the maximum vertical height through which the 
block rises. Provided other energy losses are negligible, we 


may equate the loss of kinetic energy to the gain in potential 
energy to give 


HM + m)v? = (M + m)gh 
v= ./2gh (3) 


ITQ 1 If other energy losses are not negligible, is v 
greater or less than ./2gh? 


We know g(=9.81 ms 7), and so if we could measure h, we 
could calculate v and, using equation 1, u, 


M M — 
eta m Z +m Jgh (4) 
m 


m 


Le: u 


Because h is so small, it cannot easily be measured directly. 
Instead we measure the much larger horizontal displacement 
x (Figure 2b) and the length L of the supporting string. To 
see how h can be found from x and L, look at Figure 2b. 


L2=x2+(L—h)2 
=x2+12+h2-2Lh 
<0 =x? +h? -2Lh 
But hæ x and &« L 
<h=xX/2L 


(a) (b) 
Figure 2 


Combining the approximate expression for h in Figure 2b 
with equation 4 gives 


(M +m) (M +m) |2gx? 
= ——___ y = — 
m m 2E 


= (M + m)x r (5) 
m L 


Therefore, to determine u, we must measure m, M, x and L. 


u 


Experimental procedure 


Setting up the experiment 


One person should load the gun, according to the loading 
instructions. Before firing the gun, it must be pulled back to 
the end of the slide furthest from the block, in order to avoid 
it recoiling. The partner should look through the perspex side 
window and observe the horizontal distance x through which 
the block moves after impact. 


You should ensure that the block can move freely and always 
starts from rest, that you are aware of the possibilities of 
parallax errors, and that the pointer and scale are suitably 
positioned. It is important during this experiment to record 
uncertainties in your measurements, as you are asked to state 
the accuracy with which you believe you have determined the 
muzzle speed. 


27 


Making the measurements 


Weigh six slugs using the sensitive balance. If there is any 
significant difference in mass between them, keep them 
separate—with a record of the mass of each one. Otherwise, 
use the mean mass in your calculations. Obtain three values 
of x by firing three separate shots into the block. Exchange 
operations with your partner and repeat. 


Make a table of your results. Remember to record your 
actual readings of the initial and final pointer positions as 
well as calculating the deflection. 


Measure the length L of the supporting strings and weigh 
the block on kitchen scales and note down the values 
including the errors. 


Now use your data to calculate the muzzle speed u using 
equation 5. Calculate the kinetic energy (in joules) of the 
block immediately after impact, and express this as a 
fraction of the initial kinetic energy of the slug before 
impact. 


ITQ 2 Determine the vertical height h through which 
the block rose. 


ITQ 3 (optional) How fast would the lead slug 
have to be travelling to melt on impact? 


(Specific heat of lead = 126 Jkg~'K~!; melting tem- 
perature of lead = 600 K;; specific latent heat of fusion 
of lead = 2600 Jkg™!.) 


Discussion of results 


If you have not already done so, make rough estimates of the 
experimental errors involved in your measurements of x, L, 
mand M, and hence assign an estimated error to your result. 


Decide whether the assumption made in the analysis (h < x) 
is, in fact, justified. 


Suggest how the accuracy of the experiment might be im- 
proved. 


Efficiency of the air gun 


Using your measured value of the muzzle speed u, and the 
slug mass m, you have been able to work out the kinetic 
energy of the slug as it leaves the gun, 


Exin = pmu? (6) 


This energy was initially supplied by you when loading the 
gun, through the energy transferred from your muscles while 
compressing the stiff steel spring inside the gun. This energy 
is stored during the interval between loading and firing as 
Strain potential energy of the coiled spring. The coiled spring 
is attached to a piston and air cylinder so that when the spring 
is released (by pulling the trigger) the air in the cylinder is 
rapidly compressed. This compressed air forces the slug out 
of the barrel. Not all of the energy used in loading the gun is 
transferred to kinetic energy of the slug; much is dissipated 
by various frictional processes inside the gun. We can define 
the efficiency of the gun by 
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: kinetic energy imparted to slug 
efficiency = 


x 100% 


energy used in loading 


Ekin 100% 
=—x 
Ww o 


To estimate the energy transferred, W, you have to consider 
the magnitude of the force F with which you push on the gun, 
and the displacement s through which it moves (Figure 3a). 


— 
F 
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a 
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magnitude F 
of the 
loading force 
W =t Finan Sma 
5 > 
(b) displacement of gun s Smax 
Figure 3 


If F were constant, the energy transferred would be given by 
W = F- s = Fs because F and s are in the same direction. 
The magnitude F of the loading force can be measured by 
pressing the gun butt with the bathroom scales provided, 
noting the scale reading as the gun is loaded. Try it. You will 
see that F is not constant during the loading. However, it is 
possible to measure F as a function of s and draw a force- 
displacement graph. Figure 3b shows the simplest possibility, 
namely that F increases linearly with s. In this case, the energy 
transferred, which is equal to the area under the force- 
displacement graph, is simply $F maxSmax, Where Fmax is the 
magnitude of the maximum force recorded just before the 
spring catch mechanism operates, and Smax is the measured 
length of the displacement. 


Measure the variation of F with s for your gun. Draw a 
force-displacement graph, and calculate the energy trans- 
ferred to the gun during loading. Hence calculate the 
efficiency of the gun. 


Half-life of radon 220 


Introduction 


?3eRn is a radioactive gas produced in this experiment by the 


natural radioactive decay of the radium 72$Ra in thorium 
hydroxide (a white powder) contained in the sealed polythene 
source bottle. When this source bottle is squeezed, a small 
amount of *20Rn gas is forced into the sealed ionization 
chamber. In the ionization chamber the energetic «-particles 
produced in the decay of the 732Rn liberate electrons by 
ionizing the gas within it. The presence of these electrons 
allows a very small electric current called an ionization 
current to flow through the ionization chamber (Figure 1). 
The magnitude of this current is proportional to the number 
of electrons and therefore to the rate at which -particles are 
emitted by the *2°Rn gas. The 72°Rn decays exponentially 
with time, and so, too, does the ionization current with of 
course the same half-life. 


The ionization current is always very small (much less than 
1 A) and it is detected by the voltage it produces across a 
high value resistor in the de amplifier. The output of this 
instrument is converted to a current and is displayed on a 
meter, the reading of which is proportional to the ionization 
current. 


radon source 
bottle 


ionization 
chamber 


high 
voltage 
power _ 
supply 

de amplifier 

and 

electrometer 
Figure 1 A schematic diagram of the experimental arrange- 
ment. 


The apparatus is already wired up and ready to go. Do not 
interfere with the wiring. 


Experimental method 


1 Switch on the de amplifier and set the capacitance C to 
zero. 


2 Switch to R = 10'°Q to measure the ionization current. 
Use the SET ZERO control to zero the output current. 
It is most important that this is done accurately and that the 
setting corresponds to zero ionization current. If there is 
radon in the ionization chamber, you must wait for it to decay 
before setting the zero. 


While adjusting the zero, you may notice that the reading is 
sensitive to the position of your hands near the apparatus. 
This is a capacitative effect. To achieve satisfactory and 
reproducible results you should avoid moving in the vicinity 
of the leads while taking readings. 


3 Give the polythene source bottle three or four quick, 
firm, squeezes to cause some 732Rn gas to be passed to the 
ionization chamber. Start the stop clock when the meter 
reading is near full-scale deflection, and record the meter 
reading every ten seconds. 


Make a table of your results. If you repeat the experiment, 
you must not readjust the zero reading unless you wait for the 
radon to decay to a negligible level (see ITQs 1 and 2). After 
completing your measurements, switch off the amplifier so 
that the batteries don’t run down. 


Theory 

The current through the ionization chamber is proportional 

to the number of 732Rn nuclei disintegrating per second, i.e. 
I œ dN/dt 


But the number of 73°Rn nuclei decays exponentially with 
time, 


N = Noe ™™" 


For exponential decay, the rate of decay dN /dt is proportional 
to N. Thus 


dN/dt œ N «ce "* 


so the rate of decay dN/dt also falls exponentially, and with 
the same time constant t. But we said above that I œ dN/dt, 
and so it follows that 


Toe 
or 
j CF (1) 


where I is the ionization current at t = 0. Equation 1 indicates 
that the ionization current decays exponentially with the 
same time constant t that describes the decay of 72°Rn nuclei. 


The output current i of the dc amplifier is proportional to the 
ionization current J and so it, too, obeys an exponential decay 
equation 


i=ige* 
where ig is the meter reading at t = 0. This equation may be 
rewritten as 
: st 5 
In(i/u“A) = — + In(ip/uA) 
T 


where ‘In’ means the logarithm to the base e. 


Therefore, the gradient of a graph of In(i/jA) against t is 
—1/t. 


Analysing the experimental results 


For each value of the current i in your data calculate 
In(i/pA). 


Now plot a graph of In(i/wA) against t and measure its 
gradient. Hence calculate the time constant t of 722Rn. 


A program that is available on the computer allows a direct 
fitting of your raw data, that is, ip versus t, to an exponential 
decay curve. The program calculates those values of t and 
ig which give a curve passing most closely through your data 
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points. It is interesting and instructive to compare the values 
of t obtained by the ‘unbiased’ computer with those you 
found through the graphical procedure described above. 
You may find a significant discrepancy. If there are any 
unsatisfactory data points, investigate the effect of removing 
them using the computer’s IGNORE facility. Record the 
value you obtain for t in your logbook. 


Relating t to the half-life 


The half-life, T, 5, is the time taken for the ionization current 
to fall to half of its initial value. To see how this quantity is 
related to the time constant t, we use equation 1 with J = I,/2 
and t = T, 5, 


Ke zhe 


We then take logs to the base e of both sides 


Ti 
oS 
T 
ig 
=n = == (In 1 = 0 remember) 
ii 
Tyj2=tIn2 


Now, you should use the value you obtained for t to cal- 
culate the half-life of 72°Rn 


ITQ 1 As mentioned above, the amount of 72°Rn 
left in the counter must be allowed to decay to a 
negligible level before the zero reading is set. If a 
negligible level is taken to mean 0.1% of the original 
amount, how long will it take to achieve this condition? 


ITQ 2 If the zero were reset with 72°Rn still in the 
counter, the subsequent readings would not follow an 
exponential law. Explain why. 
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Bicycle braking 


Introduction 


In this experiment, you will investigate the performance of a 
braking system. The aim is to be able to explain not only how 
the system behaves but also, through the construction of a 
theoretical model and its testing by graphical and computer- 
based procedures, why it behaves in the way it does. The 
experiment will throw some light on the table of stopping 
distances versus driving speeds that is so prominent in the 
Highway Code. 


The experiment 


The rear wheel of the stationary bicycle on which you will 
experiment has been fitted with a rather inefficient brake. 
The system is controlled by electronic circuitry that both 
actuates the brake and performs various timing and position- 
sensing operations. The functions of the various controls and 
meiers are as detailed below. 

The button switch on the flying lead sounds a tone, and starts 
both the reaction timer and the revolution counter. 


The brake lever on the handlebars actuates the brake and 
stops the reaction timer. 


The speed meter indicates the angular speed w of the wheel 
(in revolutions per minute). After the tone sounds, the reading 
on this meter continuously displays the angular speed at the 
moment the tone sounded. 


The reaction-time meter records the time interval t (in seconds) 
between the sounding of the tone and the pulling of the lever 
on the handlebars. 
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The distance-travelled meter indicates the number of revolu- 
tions through which the wheel has turned since the tone 
sounded. 


The reset switches either individually or collectively reset the 
meters to zero. 


One person acts as the cyclist and the other sounds the tone, 
to which the cyclist responds by braking. You should in- 
vestigate how the angle @ through which the wheel turns, 
after the tone has sounded varies with the initial angular 
speed wọ of the wheel. Before each run, it will be necessary to 
manually ‘cock’ the brake by pulling the knurled knob away 
from the wheel disc and then resetting the meters. Obtain 
data over as wide a range of values of wy as is consistent with 
your continuing good health. Record your data in your 
logbook. When drawing up your table, remember to leave 
columns in which to insert the values of œ and 9 after they 
have been converted to the correct units. Leave some space 
on the right hand side of the table for work later in the 
experiment. Plot a graph of 6/rad versus wo/rad s7! as you 
proceed. Results are generally less reliable at high speeds. 
There is no need to exceed 300 r.p.m. 


Analysis 


8 can be expressed as a general polynomial in terms of wo. 
: 2 3 
Le. 0 = co + CyMp + C26 + co t- 


where co, C1, C2, C3 etc. are constants, which may be equal to 
zero. In this part of the experiment, you should determine 
both the form of the polynomial (i.e. which terms are needed) 
and the values of those constants that are non-zero. The 
problem will be approached via both theoretical and empirical 
analyses. 


Constructing a model 


The system is shown schematically in Figure 1. By a short 
energy-based analysis you should derive an expression for 0 
(in radians) in terms of wọ (in rad s~ !), F, r, I and t. To do 
this it will be necessary to make appropriate simplifying 
assumptions; for example that it is only the brake that exerts 
a frictional force on the wheel and that the brake exerts a 
constant frictional force. 


N 


ae 


(a) (b) 


Figure 1 (a) The wheel at the moment the tone sounds. 
(b) The wheel from time t after the tone sounds. The wheel has 
moment of inertia /. 


Theoretical prediction: 


= 


Fitting a polynomial to the data 


A computer can be used to fit a set of data to a polynomial 
containing a definable number of terms. In this particular 
experiment, the computer will evaluate the best linear, 
quadratic, cubic, etc. relationship between 0 and wp. The 
quality of the fit can be judged visually by a comparison of 
the data and the calculated curve and by noting the fit 
parameter provided by the computer. Increasing the number 
of terms in the polynomial will improve the fit in the sense of 
allowing the curve to pass more closely through the data 
points. But the improvement will be meaningless if the 
change in the curve is within the experimental error, or the 


best fit 
quadratic 


best fit 
straight line 


> 
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(a) 


addition of more term(s) is being used to accommodate 
‘rogue’ data points in an otherwise well-behaved set 
(Figure 2). 


You should now use the computer to determine an empirical 
polynomial linking 0 (expressed in radians) and wy (ex- 
pressed in rad s~ +). The theoretical prediction will help to 
guide you to the choice of an appropriate polynomial. If you 
experience any difficulty, you may find it helpful to use the 
analogous braking data in the Highway Code (Table 1). 
which tabulates the stopping distances s required for given 
initial speeds vg. Because the Highway Code figures are 
generated using a simple polynomial, it is possible to fit the 
data precisely. Finding the appropriate polynomial in this 
idealized case may help you to decide which polynomial 
should be used for your bicycle data. 


Note down in your logbook the computer fitted polynomial 
linking @ and wp. 


Table 1 Highway Code braking data 


Initial speed, vo, in miles 


per hour Stopping distance, s, in feet 
30 30+ 45= 75 
40 40+ 80 = 120 
50 50 + 125 = 175 
60 60 + 180 = 240 
70 70 + 245 = 315 


Qualitatively compare your theoretical and empirical pre- 
dictions. Are they consistent? if not, why not? 


Can you think of ways of plotting the data that will test 
more stringently whether the proposed polynomical rela- 
tionship is appropriate? 


ye 


best fit 
quadratic 


best fit 
straight line 
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x 


(b) 


Figure 2 Including more terms in a polynomial fit isn’t always meaningful. In neither (a) nor (b) is it clear without further ex- 
perimentation whether a linear or quadratic relationship is better supported by the data. 
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The coefficients in the polynomials 


In this part of the experiment, you should compare quantita- 
tively the empirical polynomial coefficients (found via the 
computer) with the coefficients predicted by the model. To 
do this, it will be necessary to make additional measure- 
ments and calculations to find the values of F, r, I etc., 
because it is in terms of these parameters that the coefficients 
of the model are expressed. There are many ways of deter- 
mining these parameters. Here are a few suggested methods. 


(a) The moment of inertia J of the wheel could be estimated 
from the mass of the wheel (1.8 kg, not including the gears) 
and the dimensions of the wheel. 


(b) The moment of inertia J could be estimated by measuring 
the angular speed w achieved by the wheel when a known 
amount of energy is transferred to it (e.g. by a falling weight). 
(c) The magnitude of the frictional torque (Fr) applied to 
the wheel by the brake could be determined by balancing this 
torque against a torque applied by hanging a known weight 
on the wheel at a known radius. 


Some weights have been provided to allow you to make the 
measurements necessary to find J, F, r, etc. Determine these 
parameters using a method of your own choice, and then 
calculate values for the coefficients in the theoretical poly- 
nomial expression predicted by your analyses above. (Don’t 
forget the errors.) 


Compare the quantitative prediction you have just made with 
the empirical result obtained earlier. If there are discrepan- 
cies, can you suggest how they arose? 


ITQ 1 It isa common fault for brake linings to fade 
(become less effective) when they overheat. How would 
this effect be manifest in your data? Is there any evidence 
of fading in your data? 


ITQ 2 What reaction time is assumed in calculating 
the Highway Code’s braking data? 


SSS SS ee ee 


Microwaves 


Introduction 


The reflection, diffraction, polarization, etc. of visible light 
are familiar processes. Microwaves, too, constitute electro- 
magnetic radiation, although of a much greater wavelength, 
and in principle it should be possible to produce similar 
effects in microwave experiments. The object of these experi- 
ments is to test whether the laws that describe the transmission 
of light also describe the transmission of electromagnetic 
radiation in the microwave region of the spectrum. 


The source horn produces 3cm wavelength microwaves. 
The detector gives a response that depends on the intensity of 
the microwaves, and this is indicated on the meter. 


Reflection 


The plane aluminium sheet acts as a plane reflector for 
microwaves (Figure 1). 


source 


aluminium 
plate 


detector 


Figure 1 The experimental arrangement for the microwave 
reflection experiment. 


Experimental method 


Place the aluminium sheet at the centre of the angle scale 
board. Place the source so that microwaves fall at some angle 
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of incidence i onto the sheet and position the detector to 
receive the reflected waves. For fixed i, vary the angle r and 
record the detector reading for each r. Record your results in 
a table. Be careful to keep the horn of the detector pointing 
at the centre of the sheet. 


Plot your results on a graph and check whether the data are 
consistent with the law of reflection, i.e. the angle of incidence 
is equal to the angle of reflection. 


ITQ 1 Why are reflected microwaves observed for a 
range of values of r? 


Diffraction 


Microwaves with wavelength 3 cm can be diffracted by large 
objects and apertures. In particular, they can be diffracted by 
a double slit in a metal plate. 


Method 


Place a double slit at the centre of the angle scale board, and 
position the source so that microwaves fall normally (i.e. at 
right angles) on the slits (Figure 2). 


detector 


source 


~double slit 


Figure 2 The experimental arrangement for the microwave 
diffraction experiment. 


Position the detector so that you can use the angle scale to 
measure the angle of diffraction @. Record how the detector 
readings vary with the angle @ on both sides of the 
straight-through direction (0 = 0), enter your results in 


a table and plot them on a graph. To achieve reliable 
readings, set up the system so as to avoid radiation diffracted 
around the edge of the grating and reflected from the objects 
in the room. The detector should be at least five wavelengths 
away from the slits. You should concentrate on locating the 
positions where the intensity has maximum values. 


Are your results consistent with the double slit diffraction 
formula, d sin 6, = nd? 


ITQ 2 Double slits with two different spacings are 
provided. At what angles (approximately) would you 
expect to observe maximum values of the microwave 
intensity if you used the second double slit, i.e. the one 
that you didn’t use when you were taking your 
measurements? Enter your predictions, together with 
the grating spacing d, in your logbook. 


Make a quick check of the validity of your predictions. There 
is no need to plot any graphs to do this, but note your results. 


Polarization 


The source horn emits microwaves that are polarized in the 
vertical direction, and the detector only responds to the 
vertical component of the microwave electric field. 


ITQ 3 Can you think how you could experimentally 
confirm these statements, at least in part? Try out your 
ideas and discuss them with a tutor. 


In this part of the experiment, you will investigate the trans- 
mission of polarized microwaves by a wire grating with 
spacing d that is much less than the wavelength of the micro- 
waves. Since A/d > 1, you will not observe diffraction peaks, 
but you will see that the transmission of the microwaves 
depends on the orientation of the wires of the grating. 


Method 


Place the source and detector so that they are facing each 
other, and are at the separation that produces a detector 
meter reading that is approximately full scale. Position the 
rotatable wire grating between source and detector, and 
investigate how the detector meter reading depends on the 
angle @ between the axis of the wires and the vertical. Make 
measurements throughout the range from @ =O (wires 
vertical) to @ = 90° (wires horizontal), and record your 
results in a table in your log book. 


ITQ 4 From your measurements at 0° and 90°, it 
should be clear that the grating readily transmits 
microwaves when it is in one of these orientations with 
respect to the polarization of the microwaves, and 
strongly absorbs microwaves when it is in the other 
orientation. In which direction relative to the grating 
wires is the electric field when the microwaves are 
strongly absorbed ? Can you give a physical explanation 
for this strong absorption? 


You now need to consider what happens when the grating is 
at some general angle 0 to the electric field of the microwaves. 
This can be done by breakirg down the vertical microwave 
electric field incident on the grating (Figure 3a) into two 
components, one parallel to the wires and the other per- 
pendicular to the wires. Sketch these two components in 
Figure 3b and label them with their magnitudes. Then sketch 
in Figure 3c the component that is transmitted by the grating. 
Remembering that the detector only responds to the vertical 
component of the electric field, sketch in the vertical component 
of the field that you have already sketched in Figure 3c, and 
label it with its magnitude. 


ous 


&, ĝo 


(a) (b) (c) 


Figure 3 (a) The microwave electric field incident on the 
grating at one instant. (b) Sketch the field components parallel 
and perpendicular to the wires. (c) Sketch the electric field 
transmitted by the grating, and also the vertical component 
of this field. 


You should have deduced that the magnitude of the vertical 
component of the field at the detector is & sin? 0, where £o 
is the magnitude of the vertical electric field without the 
grating present. If you have not been able to get this result, 
then consult a tutor. 


Now plot a graph of log (meter reading) versus log(sin 0). 
This will allow you to deduce whether your results can be 
represented by an equation of the form 


meter reading oc sin" 0 
and, if they can, you will be able to deduce a value for n. 


Discuss your results with a tutor. 


Measurement of interatomic spacings using X-ray diffraction 


Introduction 


X-rays are produced when a beam of high-energy electrons 
strikes a metal anode. A typical spectrum of the X-rays 
produced in this way consists of (a) a number of sharp lines 
at well-defined wavelengths, which are characteristic of the 
anode metal and which are analogous to the sharp lines in 


the visible spectrum of atoms, together with (b) a continuous 
distribution over a broad range of wavelengths. (X-ray 
spectra are discussed in more detail in TV13.) With a suitable 
choice of anode metal, the wavelength of the characteristic 
X-ray lines are of the same order of magnitude as the spacings 
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between atoms in crystals. This means that a crystal can act 
as a diffraction grating for a beam of X-rays. From measure- 
ments of the diffraction angles, together with knowledge of 
the X-ray wavelength, it is possible to determine atomic 
spacings. 


In the spectrometer that you will use, a parallel beam of 
X-rays from a copper anode falls on a crystal mounted at the 
centre of the apparatus. Two crystals are available: sodium 
chloride and lithium fluoride. The diffracted beams from the 
crystal are detected by a Geiger counter, which can be moved 
around the perimeter of the spectrometer. 


X-rays 
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Figure 1 The reflection of X-rays from planes of atoms in a 
crystal. 


The beam of X-rays penetrates the crystal and is reflected by 
successive layers of atoms in its path (Figure 1). A strong 
reflected beam will occur only when the beams reflected by 
different layers constructively interfere, i.e. are in phase. If 
the spacing between adjacent layers of atoms is d, then the 
path difference for beams reflected from adjacent layers is, 
(Figure 1), 


path difference = 2d sin 0 


where @ is the angle made by the X-ray beam with the crystal 
surface. When this path difference is a whole number of 
wavelengths, the reflected beams all add up in phase and a 
diffraction maximum is obtained, i.e. the condition for a 
maximum intensity is 


2d sin 0 = nd, where n = 1, 2, etc. (1) 


This is the formula you will use in the experiment. By mea- 
suring @ you will be able to relate d and 4. Equation 1 is often 
called the Bragg formula, after William Lawrence Bragg and 
his father William Henry Bragg who pioneered X-ray diffrac- 
tion techniques (using NaCl) in 1912-13. 


There are two prominent lines in the spectrum of the X-rays 
from the copper anode. These are designated CuK, and 
CuK,, and their wavelengths are 


CuK,: 4 = 0.154 nm; CuK,: A = 0.139 nm 


You should note that the apparatus is made such that the 
crystal rotates as the Geiger counter is moved, so that the 
angles of incidence and reflection are automatically kept 
equal (Figure 2). 


34 


X-ray beam 
(fixed direction) 


_— angle scale 


_— Geiger 
counter 


Figure 2 


Experimental method 


To produce an X-ray beam 


1 A safety interlock switches off the X-ray beam while the 
plastic cover is raised. Note the ball and socket which indicates 
the central position of the cover when it is closed. To open 
the cover, displace it sideways and lift carefully. 


2 During the experiment, the accelerating voltage should be 
set by the switch on the spectrometer to 20 kV. 


3 Close the cover and centralize the ball and socket. The 
safety switch is set rather finely, and the cover has to be 
positioned carefully to obtain a beam. 


4 Rotate the timer switch clockwise to (say) 30 minutes. The 
timer is not used in this experiment; it is only necessary to 
ensure that it doesn’t switch off the system during a measure- 
ment. 


5 Switch on the power at the front. The white ‘power’ light 
should illuminate. 


6 Press the red X-ray button at the front. The red X-ray 
light should illuminate. If it does not, the cover is not precisely 
central. Recentre the cover and try again. 


To switch off the X-ray beam 


Displace the cover sideways sufficiently to extinguish the red 
light. Note the ‘X-rays’ and ‘power’ will automatically switch 
off when the timer returns to zero. 


Observations 


If it isn’t already in position, place the NaCl crystal (which is 
colour-coded with a yellow endface) in the X-ray spectrometer. 
Position the Geiger counter at approximately 20 = 30°. With 
the X-ray beam on, and the counter set to ‘count’, you should 
have an appreciable count rate. Make sure you know how to 
stop and reset the counter. (Note: the ‘thousands’ are reset 
with a separate button on some counters.) 


With the counter operating, move the Geiger counter slowly 
around the scale from 20 = 0 to about 26 = 120°, and notice 
the values of 26 where the count rate seems to peak. Do not 
take precise readings at this stage; rough estimates will do. 
These different peaks represent different values of nin equation 
1, i.e. different orders of diffraction. By finding their approxi- 
mate positions first, you will be able to avoid wasting time 
taking unnecessary readings. 


Measurements 


Locate each of the diffraction peaks accurately by measuring 
the count rates over a range of a few degrees or so at intervals 
of a fraction of a degree. The accumulated count in the 
counting period should not be less than 1000 at the peak. 


Record your data in your log book and plot graphs of count 
rate (e.g. number of counts in 1 second) against 20 (i.e. the 
position of the Geiger counter). Hence estimate the values 
of 20 where the maxima occur. Plot the graphs as you go 
along so that you can see where the measurements are 
needed. 


ITQ 1 The X-ray beam contains the CuK, and CuK, 
lines. How is the presence of two distinct wavelengths 
reflected in your graph? Discuss your results with a 
tutor. 


Calculate and note down values of the crystal spacing d using 
equation |. Note that for the CuK, line, 7 = 0.154 nm, and 
for the CuK, line, 2 = 0.139 nm. 


Are your values of d consistent with the density of NaCl crystal 
(2165 kg m~?) and the crystal structure in Figure 3? To check 
this, you will need to think carefully about the mass of material 
inside one of the small cubes shown in Figure 3. (The relative 
atomic masses of Na and Cl atoms are 23 and 35.5, respec- 
tively, and Avogadro’s constant is 6.02 x 1073 mol~!.) 


Figure 3 The crystal structure of NaCl. 


ITQ 2 How would you use measurements such as 
these to check if a diamond was genuine? 


ITQ 3 As crystals are such convenient natural 
gratings, why are they not used for light, in place of 
expensive ruled gratings? 


Optional measurement 


If you have time and are interested, repeat part or all of the 
experiment using the lithium fluoride crystal, which is colour- 
coded with a blue end-face. 


Visible spectrum of atomic hydrogen—the Rydberg constant 


Introduction 


This experiment is a shotened version of the one performed in 
the physics laboratories at S102 Summer School. A 
diffraction grating spectrometer is first calibrated and then 
used to measure the wavelengths of the so-called Balmer 
lines. Knowing these wavelengths allows the Rydberg con- 
stant to be determined. 


Determining the line spacing d 
of a diffraction grating using a laser 


To find d, it is necessary to measure the angle at which light 
of known wavelength emerges after passing through the 
grating. If you are unsure about the theory of diffraction by a 
grating, then you should consult a tutor. 


Switch on the laser (at the drive unit) and see that the 
laser beam falls perpendicularly on the diffraction grating. 


WARNING: do NOT at any time look down the laser beam: 
it could permanently damage your eyes! 


With the grating at about 15 cm from the screen, measure the 
distance x on the screen between the two first-order images 
(Figure 1) and the distance L of the grating from the screen. 


diffraction 


grating screen 
1 


_ 2nd order image 


— Ist order image 
x/2 


x/2 
— Ist order image 


He/Ne laser 


“~2nd order image 


Figure 1 The arrangement used to determine d, the spacing 
of the grating’s lines. 


Repeat these measurements for other values of L over the 
range from about L = 15 cm to 30 cm. Make a table of 
your results. For each pair of values of x and L, calculate 
the value of tan 0 and hence sin 0. Enter these results in 
your table too. 


Calculate your average value of sin 0, and use this in the 
diffraction grating formula (d sin 0 = nå) to find the spacing 
d of the grating lines. For the first-order images n = 1, and 
the wavelength 4 of the light produced by the He/Ne laser is 
632.99 + 0.01 nm. Note down the value of d in your 
logbook. 


Show your results to a tutor before you proceed. 
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Measuring the wavelengths of the 
Hydrogen Balmer lines and 
determining the Rydberg constant 


Checking the adjustment of the 
spectrometer 


The spectrometer (Figure 2) should already be correctly 
adjusted. To check whether it is, switch on the hydrogen lamp 
and position it so that the glass tube is immediately behind 
the slit of the collimator. Swing the telescope round so that it 
is in line with the collimator, and look through the telescope 
at the image of the illuminated slit. You should see a sharp- 
edged vertical pinkish-purple line and also a set of cross-wires 
(x). If necessary, move the eyepiece (Figure 2) in or out to 
improve the focus. Move the telescope so that the line is 
centered on the cross-wires. Now when you move your eye 
slightly from one side of the eyepiece to the other, you should 
not see any appreciable relative motion of the line and the 
cross-wires, i.e. no parallax. If the spectrometer passes these 
tests, you can proceed to Section 2. If there is parallax, and/or 
if the line and cross-wires cannot simultaneously be focused 
with the eye-piece, then you should carry out the following 
adjustments. 


(i) Adjusting the telescope 


First adjust the eyepiece so that the cross-wires are sharply 
focused with your eye relaxed. Then look through the telescope 
at a distant object (through the laboratory window, for 
example) and adjust the focus of the telescope to produce a 
sharp image of the distant scene. Check for parallax, and, if 
present, eliminate it by minor adjustments of telescope or 
eyepiece focus. When this has been done, no further adjust- 
ment of the telescope should be made during the experiment. 


(ii) Adjusting the collimator 


Place the hydrogen lamp immediately behind the collimator 
slit, and adjust the slit so that it is about 1 mm wide. Switch 
on the hydrogen lamp. Swing the telescope into line with the 
collimator so that you can see an image of the slit. Adjust the 
collimator, not the telescope, until the image is sharp and again 
check for parallax. If in doubt, ask the tutor to check your 
adjustments. 


vernier for 
telescope angle 


angular scale 


eyepiece — 
move in or 
out to focus 


telescope clamp 
focus telescope 
position 


telescope angular 
adjustment when 
telescope clamped 


Identifying the lines of the Balmer 
series 


Place the grating in its holder on the turntable at right angles 
to the axis of the collimator (Figure 2). Then with the hydrogen 
lamp very close to the collimator slit, which should now be no 
more than about 0.5 mm wide, look through the telescope and 
search the spectrum for the Balmer lines. These may be 
difficult to find until your eyes become dark adapted. The 
spectrum may be dominated by a large number of faint and 
fuzzy images of different colours. These correspond to the 
energy levels of molecular hydrogen, and their intensity varies 
significantly from one lamp to another, depending on the 
physical conditions in the discharge tube (purity and pressure 
of hydrogen gas, local variations of the electric field, etc.). 
Ignore all these and concentrate on finding the four lines of 
the Balmer spectrum, listed in Table 1, coming from 
individual atoms of hydrogen. They are distinctly narrower 
and sharper than the lines of the molecular spectrum. The red 
line is usually the easiest to see, and the violet is sometimes 
too faint to see. 


Using the vernier scale attached to the telescope, measure the 
angles @, and 0, (to the left and right of the straight-through 
direction) of the first-order images of the four Balmer lines. 
Draw up a table of your results in your log book. You will 
need to include extra columns in your table to allow for 
further calculations. From your data calculate the average 
diffraction angle 9 = (0, — 0,)/2 for each line. 


Now calculate the wavelengths of the four lines (using the 
value of d you measured earlier in the experiment together 
with the equation À = d sin 0), and hence determine the 
frequencies of the four lines. 


Determining the Rydberg constant 


The frequencies f of the lines in the Balmer series are 


; 1 1 
f= Re; = 5) 


where c = 2.998 x 10° ms! is the speed of light, R is the 
Rydberg constant, and n = 3, 4, 5 and 6 for the four lines you 
have measured, going from red to violet. 


Plot a graph of f against 1/n?, and hence determine the 
Rydberg constant R. (Don’t forget to quote the units of R.) 


source 
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focus slit 
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grating on table 


Figure 2 
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Table 1 The Balmer lines. 


Hydrogen 
Balmer 
lines Intensity 


very faint 


blue-violet 


medium 


blue-green 


strong 


Particle tracks in a bubble chamber—computer experiment 


(The latter parts of this experiment involve relativistic 
mechanics which is no longer assessed in this course. However 
you may wish to complete these parts for your own interest.) 


Introduction 


Mark Pollo, the intrepid space explorer, is stranded on 
Pekon—a small planet in an entirely alien Universe, where 
even the atoms and molecules seem to be different from those 
near Earth. His ship’s engines have just about run out of the 
sub-atomic particles that they use for fuel. Unless another 
suitable particle can be found locally, the ship will never be 
able to return to Earth. To this end, Captain Pollo has just 
commissioned you (as the ship’s physicist) to find out more 
about the local Universe’s sub-atomic particles. What is 
needed is a positively charged particle with a mass of about 
8 x 10°78 kg. 


Pausing only to grab a portable particle accelerator, a 
computer-controlled bubble chamber and its manual, you 
head for the planet’s surface with your junior assistant. On 
the way down, you instruct your assistant to fill the bubble 
chamber with a liquid that consists chiefly of particles known 
locally as botons, and to arrange for the accelerator to be 
fed with the three types of particle that are commercially 
available on the planet. You must produce a complete 
report on the botons, the three types of particles and any other 
particles produced in collisions. Your aim is to discover if 
there is a suitable particle for use in the ship’s drive. 


MANUAL FOR MODEL X13 COMPUTER-CONTROLLED BUBBLE CHAMBER 


1 Introduction: how to use this 
manual 


This manual is designed to familiarize the user with the X13 
bubble chamber, in particular with how it can be used to make 
both qualitative and quantitative measurements on the 
particles fed into the chamber via the accelerator. 


It is suggested that the user follow through the steps outlined 
in the order in which they are presented. The second section 
describes the simple console commands that are necessary to 
use the chamber. Section 3 gives a way of measuring energy, 
while the fourth section looks at elastic collisions. The fifth, 


sixth and seventh sections describe the use of a magnetic 
field in making measurements of charge and mass. Section 8 
looks at how inelastic collisions can produce new particles 
and Section 9 describes a method for measuring the mass of 
such particles. Section 10 provides a Table in which users 
can insert a summary of their results. 


2 Controlling the bubble chamber 


The bubble chamber is filled with a suitable super-cooled 
liquid. When a particle is fired into the chamber, the 
pressure is decreased suddenly and the tracks of any parti- 
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cles, charged or neutral, become visible. These tracks are 
displayed on the computer screen. Three different particles 
can be fired into the chamber. This is achieved by placing the 
cursor on top of one of the buttons on the screen labelled 1, 2 
or 3 and quickly pressing and releasing the left button of the 
mouse. Try this now. This ‘point and press’ procedure will 
henceforth be referred to as ‘clicking on a button’. 


Changing the particle energy 


The kinetic energy of the particles entering the chamber is 
shown on the ENERGY button. It can be changed by 
clicking on this button, typing in a new value (in picojoules) 
and then pressing the RETURN key. The latest-model 
accelerators can produce particles with energies of up to 500 
picojoules. (1 picojoule = 107+? J = 6 MeV approximately) 


Changing the scale 


The scale of the image on the screen can be changed by 
clicking on the ZOOM-IN button (which increases the 
screen’s magnification of the chamber by a factor of 2) or the 
ZOOM-OUT button which decreases the screen’s magnifi- 
cation by a factor of about 2. Note that the boundary where 
the particles enter the chamber is always displayed at the left 
edge of the computer display. 


Changing the magnetic field 


The magnitude of the magnetic field in the chamber is 
displayed on the FIELD button. To change this value, click 
on the button, type the new value and press the RETURN 
key. The magnetic field should be entered in teslas; it is 
perpendicular to the plane of the screen. A positive value 
indicates a magnetic field that points out of the screen. 


Measuring positions in the bubble 
chamber 


Positions in the bubble chamber are easily measured by a 
method that is independent of the scale or magnification. 
Simply move the mouse cursor to the position you want to 
identify and click the left mouse button. The coordinates (in 
metres) of the corresponding point in the bubble chamber 
will be displayed. If the mouse cursor is just off a track, the 
computer will automatically adjust the position to be accu- 
rately on the track. Points can be measured as often as you 
wish, but only the coordinates of the last three points will be 
shown. To remove all marks on the display other than the 
tracks, click on the button labelled TIDY. 


Measuring the radius of curvature of a 
track 


If you have three points displayed (see above), then a button 
labelled RADIUS will light up. If you click on this, the 
computer will display the radius of the circle that can be 
drawn through these last three points. This is very useful 
when trying to measure the effect of magnetic fields on 
particle tracks. Again, to remove all marks on the display 
other than the tracks, click on the button labelled TIDY. 


Users are strongly recommended to try out all the above 
operations in order to familiarize themselves with the 
bubble chamber. 
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3 Measuring energy using the 
length of a particle’s track 


A unique feature of the model X13 chamber is that charged 
particles lose a fixed amount of energy per unit distance. The 
energy loss is the same for all particles, and so the length of a 
particle’s track is a direct measure of its initial kinetic energy. 


Calibration of range 


The following technique is recommended: 

A With no magnetic field and a low energy beam (e.g. 
1 picojoule), adjust the field of view (by zooming in or 
out) so that the particles stop just before moving off the 
right-hand edge of the screen. 

B Measure the length of the track of a particle that does 
not scatter or interact with particles in the chamber. 


C Divide the energy of the incoming particle by this length. 


For future reference measure the calibration factor for 
your chamber, i.e. the energy loss per unit length, and 


note down the value in your logbook. 


Using this factor, you can now calculate the energy of any 
particle by measuring the distance it travels before coming 
to rest. The initial energy of any particle that comes to rest 
without scattering is obtained by multiplying the length of 
the track by the energy loss per unit length. 


You may wish to confirm that this calibration factor does 
not depend on either the type of particle or its energy. 


You can do this by recalculating the calibration factor 
using another beam at a different energy setting. 


4 Elastic collisions 


Unless the incoming particles have sufficient kinetic energy 
to create new particles (where the kinetic energy is partially 
transformed into mass), the collisions between particles will, 
be elastic. Kinetic energy will be conserved. 


At this stage, users should measure the lengths of the 


tracks of particles involved in a collision at an incident 
energy of about 15 pJ to check if the collision is elastic. 


Elastic collisions can be used to ascertain the relative masses 
of particles. 


A If the angle between the tracks of two particles after an 
elastic collision is always 90 degrees, then the mass of the 
two particles must be the same. (Note that if the speed of 
the incoming particle is close to the speed of light, then 
angles noticeably less than 90 degrees may be observed. 
Users may wish to check this.) 


B Ifelastic back-scattering is sometimes observed, then the 
incident particle must have a smaller mass than the 
particle with which it collides. (Users may wish to 
consider why this is so.) Elastic back-scattering will not 
happen very often as it requires an almost head-on 
collision. 


C If the elastic scattering is always in a forward direction 
and the angle between the ‘scattered’ tracks is sometimes 
much less than 90 degrees, then the mass of the incident 
particle must be greater than that of the particle with 
which it collides. 


You should now investigate qualitatively the masses of the 
particles in the input beams relative to the mass of the 
particles that make up the liquid in the bubble chamber. 


A checklist of possible conslusions. 


The mass of a type-1 particle is 
greater than/smaller than/about the same as 


that of the particles that form the liquid in the bubble 
chamber. 


The mass of a type-2 particle is 


greater than/smaller than/about the same as 


that of the particles that form the liquid in the bubble 
chamber. 


The mass of a type-3 particle is 
greater than/smaller than/about the same as 


that of the particles that form the liquid in the bubble 
chamber. 


5 Measuring the sign of the charge 
using a magnetic field 


A description of how to adjust the magnetic field is given in 
the second section of this manual. Charged particles in the 
chamber will be deflected by a magnetic field according to 
the Lorentz force formula: 


F=qvxB (1) 


Thus, positively charged particles will be deflected in one 
direction, and negatively charged particles will be deflected 
in the opposite direction. This provides a convenient meth- 
od for analysing the charge of your particles (once you have 
worked out which direction corresponds with which sign of 
charge!). 


You should now use your bubble chamber to find the sign of 
the charge (if any) associated with the three types of beam 
particle and with botons. Noted down your conclusions 
carefully. 


The next requirement is to measure the masses of the 
particles. These are conveniently calculated from simul- 
taneous measurements of momentum and kinetic energy. 
Since the initial kinetic energy of a particle entering the 
chamber is known, it only remains to measure the initial 
momentum to be able to calculate the mass. 


6 Measuring momentum using a 
magnetic field 


The radius of curvature R of the track of a charged particle 
in a magnetic field of magnitude B is given by 


R = p/(\q|B) (2) 


where p is the magnitude of the momentum of the particle 
and q is its charge. (It is relatively easy to derive this formula 
in the non-relativistic range where p = mv. Users are recom- 
mended to try to do this.) Equation 2 remains valid even 
when the speed of the particle is close to the speed of light. 


The path of a charged particle in a magnetic field is circular 
if the particle does not lose energy. However, as the particles 
in the chamber are losing energy, the radius of curvature 
gradually decreases along the length of the track. 


From the measurement of the radius of curvature of the 
track at any point, you can deduce the magnitude of the 
momentum of the particle at this point using 


p=|q|BR (3) 


(You may assume that |q| = 1.6 x 10~1° coulomb for all 
particles, even on such distant planets as Pekon.) 


Note that if you want to measure the momentum at the start 
of the track, then you are interested in the radius of 
curvature at this point rather than at any point further down 
the track. This will be less important if the energy changes by 
only a small percentage along the track. Note also that the 
error involved in calculating the radius may be increased if 
you choose your three points too close together. 


For each of the three types of particle, you should now 
determine the momentum that corresponds to one value 
of the kinetic energy (not necessarily the same value of the 
kinetic energy for all three types of particle). In order to 
get an accurate result, it is best to choose an energy of 20 pJ 
or less. Fill in the values of Eķin, B, R and p in a table in 
your logbook. Allow an extra column for later working. 
You will need these values again later. 


7 Calculation of mass from energy 
and momentum values 


Given a particle’s kinetic energy and momentum, it is 
possible to deduce its mass. In classical mechanics p = mv 
and E,;, = 4mv*, so mass is given by the formula 


forv <&c (5) 


(You may wish to check this.) 


However, when the speed of the particle is very close to the 
speed of light (as frequently happens with high-energy sub- 
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atomic particles), there is a relativistic correction, so that the 


mass can be accurately computed from the formula To determine the momenta and hence the masses of the 


particles produced in an inelastic collision, use the fol- 
lowing method. You should check that the net increase in 
mass tallies with the value deduced from the reduction in 
the total kinetic energy. 


Se p’ _ Em 
Y eE TE 


(6) 


The mass m is often called the rest mass, and it is a constant 
for a given particle. Equation 6 is accurate for all particle 
speeds. You may wish to derive this (its quite simple) from 


the relativistic expressions relating the total energy E to A With no magnetic field (so that the tracks are straight) 
momentum and mass. fire a beam (possibly many times) until you observe an 
inelastic collision that is simple and easy to analyse. 
E? = p*c? + mct (7) e z 2 
E = Exjn + mc? (8) B Calculate the magnitude of the momentum, at the point 


of impact, of the incoming particle. This is found from 
the kinetic energy using the following equation (which 
can easily be derived from equation 6 above): 


You should now determine the masses of the three types 
of particle using equation 6, and enter them in the last 


column of your incomplete table. Earlier observations ee Eğin 


3 ; 2mE,,; 1 
should then allow you to identify a value for the boton 5 Ga AEn (10) 
mass. 


Of course, it is the kinetic energy at the moment of impact 
that matters, so you will have to allow for the loss of 
kinetic energy in the bubble chamber. To use equation 
10, you will also need your measured value for the mass 


8 Inelastic collisions of the incoming particle. 

If the energy of an incoming particle is greater than a certain C By measuring the tracks on the screen, identify the 
threshold, then new types of particles may be produced. In directions of the momentum vectors of the two outgoing 
this case, the sum of the kinetic energies of the outgoing particles p, and p, after the collision. Write down the 
particles is less than the kinetic energy of the incoming components of these vectors in the horizontal (x) and 
particle. This ‘lost’ kinetic energy is now in the form of the vertical (y) directions in terms of p, and pj. 


increased mass of the particle system. The kinetic energy 
‘lost’ AE due to an increase Am in mass is given by Einstein’s 


D Write down the equations for the conservation of the x 
famous formula 


and y components’ of momentum during the collision. 


AE = Amc? (9) 
In looking for new particles produced in inelastic collisions, E Solve these two equations to find the magnitudes of the 
you may find the following points helpful: initial momenta of each of the outgoing particles. 
A The most obvious sign of an inelastic collision is that the 
total length of the tracks is much less than it would be F Calculate the initial kinetic energy of each of the outgo- 
for an elastic collision. ing particles from the length of their tracks. 
B An inelastic collision is likely to occur soon after the 
incoming particle enters the bubble chamber. This is G Use equation 6 to calculate the masses of the outgoing 


because the particle’s energy will rapidly decrease to 
below the threshold energy for the production of a new 
particle. 


particles. 


Try to find evidence for an inelastic collision. Not all 
particles will undergo inelastic collisions. If you use an 
incident energy of 25-30 pJ, the kinetic energy lost should 


This process is quite involved. To help you to order the 
sequence in which you carry out the measurements and 
calculations we have listed below the quantities you will need 


be a large fraction of the incident kinetic energy. Measure in the order they canchefound: 


the kinetic energy loss and deduce the net increase in mass. 


1 Type of incoming particle. 
2 Energy of incoming particle as it enters the chamber. 
3 Distance before impact. 
= 4 Energy of incoming particle just before the collision. 
9 Calculation of the momentum and 5 Momentum of incoming particle at impact. 
mass of scattered pa rticles 6 Directions of movement of outgoing particles. 
7 Momenta of outgoing particles just after the collision. 
The masses of the outgoing particles in a collision can be 8 Length of tracks of outgoing particles. 
found by applying the principle of conservation of momen- 9 Kinetic energies of outgoing particles just after the 
tum. If we know the momenta of the incident particles then collision. 
we know the sum of the momenta of the outgoing particles. 10 Masses of outgoing particles. 


In fact, we can also deduce the momenta of the separate 
outgoing particles. 
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Molecules in a gas—computer experiment 


1 Introduction 


The GAS program is a simulation of molecules moving in a 
gas. The molecules move in two dimensions and collide 
elastically. You can use it to investigate the range of applica- 
bility of the gas laws and to look at the distribution of 
molecular speeds in the gas. 


Before using the program to carry out these investigations, 
you should spend a few minutes familiarizing yourself with 
the ways you can control what the simulation is doing. 


1 When you run the program, you will see a two-dimen- 
sional cylinder with a piston that can be moved left or right 
to expand or reduce the enclosed volume. Using the mouse, 
position the cursor pointer on the screen over one of the two 
buttons labelled with an arrow and hold down the left-hand 
button on the mouse. The piston will move in the direction 
indicated by the arrow. Try this facility now. (Note If you 
move the cursor pointer onto the area of the screen occupied 
by the piston and cylinder, the arrow will disappear. To 
make it reappear, simply move the pointer out of this area.) 


2 Now let’s put some molecules into the cylinder! This is 
achieved by moving the mouse until the cursor points to one 
of the four buttons (labelled 1, 2, 3 and 4) shown below the 
container, and then pressing and releasing the left mouse 
button. This ‘point and press’ operation will henceforth be 
referred to as ‘clicking’ on a button. The masses of the first 
three types of molecule are shown, but the mass of molecule 
type 4 is not. That’s something you'll have to find out for 
yourself! Eventually, as you add more molecules you will 
notice that the computer display becomes jerky. This is 
because the computer is having to pause the display to do a 
great deal of calculation. Note too that the molecules are 
injected at precisely 200ms~', but they appear initially at 
random positions moving in random directions. 


3 You can remove molecules from the container by click- 
ing on the REMOVE button. Experiment briefly with this 
button and end up with no molecules. In what order are the 
molecules removed? 


4 Add just two molecules of type 1. In the bottom half of 
the panel on the right of the screen various numerical values 
summarizing the past behaviour of the gas molecules are 
displayed. These are updated when you click anywhere 
within the panel. Try doing this now. The meanings of the 
various parameters are as follows: 


TIME = the time elapsed (according to the simulation) 
since the system was last changed in any way (e.g. by 
changing the volume, temperature, or the number of 
particles). 


NUMBER OF COLLISIONS = the total number of 
collisions that have occurred between particles during the 
elapsed time (see above). 


NUMBER OF HITS = the total number of times that 
particles have hit the walls during the elapsed time. 


AV KINETIC ENERGY =the average translational 
kinetic energy of the molecules (in units of 107?! J) at the 


instant the value was printed. The value is ‘hidden’ 
when any type 4 molecules are in the piston. 


AV SPEED = a similar instantaneous average of all the 
molecules’ speeds (in units of ms 7‘), 


VOLUME = the total volume enclosed by the container 
(in units of 10°?! m3). The container is taken to have a 
fixed nominal ‘depth’. 


PRESSURE = the average force per unit ‘area’ on the 
walls averaged since the last time the system was changed. 


This is measured in units of Nm ?. 


5 In the top half of the panel on the right is a histogram 
showing the average distribution of molecular speeds since 
the parameters were last changed (or the RESET button was 
used). It is updated whenever you click on the histogram 
panel. 


6 Clicking on the RESET button reinitializes all values 
and re-starts the averaging processes. This is automatically 
done whenever you change the temperature, the volume, or 
the number of molecules. 


7 The HEAT and COOL buttons are used to change the 
temperature of the gas. Try clicking on the HEAT button 
just twice. This will instantaneously double the kinetic 
energy of each of the molecules. You can click on the COOL 
button to return to the original temperature. Try clicking on 
the HEAT button many times so that the molecules move a 
large distance between each display. If you increase the 
speed too much you may not be able to clearly observe the 
motions of individual molecules, but the numbers the simu- 
lation produces will remain accurate. 


8 Finally try selecting the HELP menu item from the 
menu bar at the top of the screen. This is achieved by 
moving the cursor with the mouse to the word HELP on the 
top line of the screen. A short menu containing help items 
will appear. Click on one of these. To leave the program you 
should similarly use the QUIT menu on the menu-bar at the 
top of the screen. If you accidentally move the cursor into 
the top menu bar area when you don’t wish to see HELP or 
QUIT, then you must click in the main area of the screen to 
continue with the program. 


You may wish to experiment with these commands for a few 
minutes before proceeding with the experiment. 


2 Processes within a gas 


Now that you are familiar with the main features of the 
simulation, look at a single molecule moving about the 
volume. Remove all molecules and add one type 1 molecule. 
Update the display of variables by clicking on the panel at 
the right and look at the speed and kinetic energy of the 
molecule. 


Do the speed and kinetic energy change during hits on the 
walls? 


Can you explain this result? 


Now add a second type 1 molecule. Note that the speeds of 
the molecules are affected by collisions between molecules. 
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Look at how the average speed and average kinetic energy 
change by updating the values before and after collisions 
between two molecules. Can you explain your observations? 


Deduce the maximum and minimum possible values of 
the average speed. (Note that both particles start at a 
speed of 200ms_'.) 


Reset the averages by clicking on the RESET button. Look 


at how the average pressure changes with time. 


How does the size of the pressure fluctuations change as 
the number of hits on the walls increases? 


How long do you have to wait to get a stable value for the 
average pressure? 


Can you explain why fluctuations in pressure are not 
usually measurable in a normal gas, whereas fluctuations 
are easily detectable in this simulation? 


3 The gas laws 


The first major aim of this experiment is to investigate how 
the pressure depends on the following quantities (if at all): 


(a) the volume V of the container; 
(b) the average kinetic energy <E,,,); 
(c) the molecular mass; and 


(d) the number of molecules, N. 


You should devise very short experiments to test some of 
these relationships. Discuss your approach with your tutor. 
Note that the relationships may NOT be the same as for an 
ideal gas, so don’t pre-judge the results! 


You will probably wish to plot graphs of the results you 
obtain. It is a good idea to plot your graphs while you are 
waiting for the pressure values to stabilize. 


4 Comparison with the theory for an 
ideal gas 


Hint You may wish to postpone this part of the experi- 
ment until after you have started the next part. You can then 
do the calculations while you are waiting for the results to 
build up. 


The theory of molecule motion in gases is called kinetic 
theory. It is covered in Unit 11 of the Course. The GAS 
simulation is very relevant to the theory presented in Unit 
11, and is strongly related to the air-table puck model of a 
gas presented in TV11. 


For an ideal gas in three dimensions (rather than two), it can 
be shown that (see Unit 11, Section 3.4): 


PV = 3NCE xin) (1) 


Do the results you measured in the previous Section fit the 
theoretical result given by equation 1 above? In particu- 
lar, look out for a change in the factor of two-thirds and 
some sort of ‘correction’ to the volume. Can you explain 
any differences quantitatively in terms of the differences 
between the ideal gas model and the model used in this 
simulation? 
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5 The distribution of molecule 
speeds 


Every unit of ‘simulation time’, the simulation looks at the 
speeds of the molecules and checks how many lie within 
each range (of 125ms_'). The results are added progres- 
sively to give cumulative totals for each speed range. These 
totals are displayed as a histogram at the top of the panel on 
the right of the screen whenever you click anywhere on this 
panel. The totals are zeroed if you click on the RESET 
button and whenever the volume, temperature or number of 
particles is changed. 


As the simulation progresses, the speed distribution should 
eventually stabilize into a well-defined shape. This distribu- 
tion of speeds is the same as would be obtained by observing 
at an instant of time the speeds of a very large number of 
molecules moving in two dimensions. Try experimenting 
with the simulation using two or three molecules of the same 


mass (type 1, 2 or 3) travelling at an average speed of 
1 000 to 2 000 ms~!. 


Why is there no point experimenting with just one mole- 
cule? 


Does the peak in the graph occur at the average speed? 
Can you explain this result? 


In an ideal three-dimensional gas, the distribution of molec- 
ular speeds is known as the Maxwell-Boltzmann distribu- 
tion. 


6 Molecular speeds with a mixture 
of masses 


Try carrying out the same exercise as described in the 
previous section, but with two molecules of type 3 and two of 
type 4. Remove all molecules before hand so that the new 
molecules are all ‘injected’ with the same speed (200ms~ a) 
Notice how differently the two sorts of molecules behave 
during collisions. 


Observe the speeds of the two types of molecules. 
What can you say about the speeds at a given instant? 


What can you say about the long-time averages of their 
respective speeds? 


Which type of molecule has the larger mass? 


Because the two types of molecules are interacting, they will 
tend to a state where they both have the same temperature. 
This means that each molecule will, on average, have the 
same kinetic energy. As the masses are not the same, the 
average speed for the two types of molecule is not the same. 
To obtain a stable speed distribution histogram in as short a 
time as possible, you should use a reasonably small volume 
and click on the HEAT button until the average speed is 
about 2 000 ms~!. Reset the values (by clicking on the 
RESET button) after the particle speeds have had a short 
time to settle down. 
Can you explain why these precautions may help? 


Is the distribution of speeds you observe roughly what 
you expect? 


Can you deduce the ratio of the molecular masses from 
the distribution? 


What is the mass of type 4 molecules? 
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